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ABSTRACT 
Cassava (Manihot esculenta, Crantz) is considered to be an important food 
security crop consumed by over a billion peoples globally, many who subsist on it. 
Cassava mosaic disease (CMD) is one of the main biotic and economically 
important constraints to cassava cultivation in sub-Saharan Africa. Geminiviruses 
are the casual agents of CMD and cause disease to many staple food and cash crops 
of great economic importance worldwide.  There are currently 11 species of 
Begomoviruses that belong to the Geminiviridae family. South African cassava 
mosaic virus (SACMV) is a circular ssDNA bipartite (DNA A and DNA B 
components) begomovirus belonging to the family Geminiviridae, and is one of the 
causal agents of cassava mosaic disease (CMD) endemic to southern Africa.  
Various strategies to control CMD are currently being investigated, one of which 
is cis-genics, which involves manipulation of endogenous host genes to combat 
viral pathogens.  In order to achieve this, it is imperative to elucidate molecular 
mechanisms involved in host-virus interactions. Endogenous small RNAs (sRNAs), 
including microRNAs (miRNAs), have been found associated with gene regulatory 
mechanisms in response to virus infection. Amongst the non-coding host sRNAs 
targeting viruses are small interfering RNAs (siRNAs) associated with 
posttranscriptional gene silencing (PTGS) and transcriptional gene silencing 
(TGS), which are involved in the host RNA silencing pathway.  The RNA silencing 
pathway is a highly conserved basal immunity pathway involved in host defence 
against plant viruses.  The aim of this study was to identify siRNAs and miRNAs 
associated with gene regulatory mechanism in response to SACMV infection and 
to determine if they a play a role in the susceptible or recovery phenotype 
observed in SACMV tolerant cassava landrace TME3 or T200, respectively.  
Furthermore, virus-derived siRNA (vsRNA) populations targeting the DNA A and 
B components of SACMV were also investigated.  
 
MicroRNAs (miRNAs) are an important class of endogenous non-coding 
single-stranded small RNAs (21-24 nt in length), which serve as post-
transcriptional negative regulators of gene expression in plants.  Despite the 
economic importance of Manihot esculenta Crantz (cassava) only 153 putative 
cassava miRNAs (from multiple germplasm) are available to date in miRBase 
 III 
(V.21).  Therefore, both conserved and novel miRNAs needed to be identified in 
cassava before we could determine what association they had with SACMV 
infection.  In this part of the study, mature sequences of all known plant miRNAs 
were used as a query for homologous searches against cassava EST and GSS 
databases, and additional identification of novel and conserved miRNAs were 
gleaned from next generation sequencing (NGS) of two cassava landraces (T200 
from southern Africa and TME3 from West Africa) at three different growth stages 
post explant transplantation and acclimatization.  EST and GSS derived data 
revealed 259 and 32 conserved miRNAs in cassava, and one of the miRNA families 
(miR2118) from previous studies has not been reported in cassava.  NGS data 
collectively displayed expression of 289 conserved miRNAs in leaf tissue, of which 
230 had not been reported previously.  Of the 289 conserved miRNAs identified 
in T200 and TME3, 208 were isomiRs. Thirty-nine novel cassava-specific miRNAs 
of low abundance, belonging to 29 families, were identified.  Thirty-eight (98.6%) 
of the putative new miRNAs identified by NGS have not been previously reported 
in cassava.  Several miRNA targets were identified in T200 and TME3, highlighting 
differential temporal miRNA expression between the two cassava landraces.  This 
study contributes to the expanding knowledge base of the micronome of this 
important crop. 
 
MicroRNAs play a crucial role in stress response in plants, including biotic 
stress caused by viral infection. Viruses however can interfere with and exploit 
the silencing-based regulatory networks, causing the deregulation of miRNAs. 
This study aimed to understand the regulation of miRNAs in tolerant (TME3) and 
susceptible (T200) cassava landraces infected with SACMV. Next-generation 
sequencing was used for analysing small RNA libraries from infected and mock-
inoculated cassava leaf tissue collected at 12, 32 and 67 dpi (days post-
inoculation).  The total number of differentially expressed miRNAs (normalized 
against mock-inoculated samples) across all three time points was 204 and 209 
miRNAs, in TME3 and T200 infected plants, respectively, but the patterns of 
log2fold changes in miRNA families over the course of infection differed between 
the two landraces. A high number were significantly altered at 32 dpi when T200 
and TME3 plants showed severe symptoms. Notably, in T200 69% and 28 (100%) 
 IV 
of miRNA families were upregulated at 12 and 32 dpi, respectively. In contrast, 
TME3 showed an early pre-symptomatic response at 12 dpi where a high number 
(87%) of miRNAs showed a significant log2fold downregulation. Endogenous 
targets were predicted in the cassava genome for many of the identified miRNA 
families including transcription factors, disease resistance (R)-genes and 
transposable elements. Interestingly, some of the miRNA families (miR162, 
miR168 and miR403) that were significantly affected in both T200 and TME3 
upon SACMV infection were shown to target proteins (DCL1, AGO1 and AGO2) that 
play important roles in the RNA silencing pathway.  From results, we suggest that 
the early (12 dpi) miRNA response to SACMV in TME3 appears to involve PTGS-
associated AGO1, DCL2 and a cohort of R genes belonging to the miR395 family 
which may prime the plant for tolerance and recovery downstream, while in T200, 
SACMV suppresses AGO1, AGO2 (at 32 and 67 dpi), and DCL2 (32 dpi) mediated 
RNA silencing, leading to severe persistent disease symptoms.  This study 
provides insights into miRNA-mediated SACMV cassava interactions and may 
provide novel targets for control strategies aimed at developing CMD-resistance 
cassava varieties 
 
Endogenous small RNAs (sRNAs) associated with gene regulatory 
mechanisms respond to virus infection, and virus-derived small interfering RNAs 
(vsRNAs) have been implicated in recovery or symptom remission in some 
geminivirus-host interactions.  Transcriptional gene silencing (TGS) (24 nt 
vsRNAs) and post transcriptional gene silencing (PTGS) (21-23 nt vsRNAs) have 
been associated with geminivirus intergenic (IR) and coding regions, respectively.   
In this Illumina deep sequencing study, we compared for the first time, the small 
RNA response to South African cassava mosaic virus (SACMV) of cassava landrace 
TME3 which shows a recovery and tolerant phenotype, and T200, a highly 
susceptible landrace.  Interestingly, different patterns in the percentage of 
SACMV-induced normalized total endogenous sRNA reads were observed 
between T200 and TME3.  Notably, in T200 there was a significant increase in 21 
nt sRNAs during the early pre-symptomatic response (12 dpi) to SACMV 
compared to mock, while in TME3, the 22 nt size class increased significantly at 
32 dpi.  While vsRNAs of 21 to 24 nt size classes covered the entire SACMV DNA-
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A and DNA-B genome components in T200 and TME3, vsRNA population counts 
were significantly lower at 32 (symptomatic stage) and 67 dpi in tolerant TME3 
compared with T200 (non-recovery).  It is suggested that the high accumulation 
of primary vsRNAs, which correlated with high virus titres and severe symptoms 
in susceptible T200, may be due to failure to target SACMV-derived mRNA.  In 
contrast, in TME3 low vsRNA counts may represent efficient PTGS of viral mRNA, 
leading to a depletion/sequestration of vsRNA populations, supporting a role for 
PTGS in tolerance/recovery in TME3.  Notably, in TME3 at recovery (67 dpi) the 
percentage (expressed as a percentage of total vsRNA counts) of redundant and 
non-redundant (unique) 24 nt vsRNAs increased significantly.  Since methylation 
of the SACMV genome was not detected by bisulfite sequencing, and vsRNA counts 
targeting the IR (where the promoters reside) were very low in both the tolerant 
or susceptible landraces, we conclude that 24 nt vsRNA-mediated RNA directed 
genome methylation does not play a central role in disease phenotype in these 
landraces, notwithstanding recognition for a possible role in histone modification 
in TME3.  
 
This work represents an important step toward understanding variable 
roles of sRNAs in different cassava genotype-geminivirus interactions.  Also, by 
comparing the differences between a tolerant and susceptible host the aim is to 
achieve better understanding of the effect of pathogens on host sRNAome, an area 
that is deserving of me attention in plant systems. The expectation is that these 
findings presented in the PhD will contribute to the long-term goals of devising 
new methods of disease control against SACMV and understanding the complex 
interconnected mechanisms involved in virus-host interactome.  
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1. Introduction  
1.1 Cassava  
  Cassava (Manihot esculenta Crantz) belongs to the family Euphorbiaceae 
and the Fabid superfamily (also known as eurosids I), which includes several 
distantly related plants such as rosids, legumes and poplars (Wurdack et al, 2005). 
Cassava is a woody perennial shrub, which grows from 1 to 5 meters in height (Fig. 
1.1A). It is believed to have been cultivated, for 9000 years mainly for its starchy 
roots (Fig. 1.1B), making it one of agriculture’s oldest crops. Although this 
dicotyledonous plant is reported to have low protein content, it produces clusters 
of tuberous roots that have high starch content ranging between 24-31% (Cock, 
1985; Hillocks, 1997; Pandey et al, 2000).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 A and B: Cassava plant (A) and roots (B). Photos taken in Uganda. 
 
Due to its roots’ high starch content, cassava is a rich source of dietary 
energy. Its energy per hectare is often very high, and potentially much higher than 
that of cereals (FAO, 1997; FAO, 2014). Cassava roots’ dry mass is very rich in 
carbohydrates, amounting to about 250-300 kg for every tonne of fresh roots. In 
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addition, the roots contain significant amounts of vitamin C, thiamine, riboflavin 
and niacin (FAO, 1997). The leaves are also eaten as a vegetable and have been 
reported to have excellent nutritional value for both animals and plants, 
containing up to 25% protein, on a dry weight basis (Chavez et al, 2000; Ceballos 
et al, 2004). Worldwide, cassava is the second biggest source of starch, after maize, 
with production estimated at 8 million tonnes of starch a year (FAO, 2013).  It is 
grown in 105 countries and serves as a staple food for nearly one billion people 
globally, many of who subsist on it (Burns et al, 2010; Nassar et al, 2002; Latif and 
Muller, 2015). In sub-Saharan Africa, cassava is the cheapest source of calories 
available and ranks as the second most important source of calories after maize 
(Nweke et al, 2001).  
 
While some studies indicate that cassava has multiple centres of origin, 
others suggest that the cultivated species originated on the southern edge of the 
Brazilian Amazon and brought to West Africa in the 16th century by Portuguese 
navigators (Nassar, 1978; Hershey, 1987; Olsen and Schaal, 1999; Allem, 2002; 
Hillocks, 2002). Farming of cassava expanded in the 20th century when is emerged 
as an important food crop. It is now widely grown in tropical and subtropical 
countries of Africa, Asia and Latin America (FAO, 2013).  Over the past decade, 
growth in cassava production has accelerated. FAO estimates put the global 
harvest in 2012 at more than 280 million tonnes, representing a 60% increase 
since 2000 and an annual growth rate double that of the previous two decades 
(FAO, 2012). Since 2000, global average yields per hectare have increased by 
almost 1.8% a year, from 10.4 tonnes per ha in 2000 to 12.8 tonnes in 2011, and 
the growth rate of cassava output in Africa has been equal to that of maize (FAO, 
2013b).  The output of cassava has increased most markedly in sub-Saharan 
Africa, which harvested 140.9 million tonnes, more than half of the global harvest, 
in 2011 (FAO, 2012).  
 
The world trade in cassava amounted to approximately 8 billion US dollars 
in 2012 (FAO, 2014), and revolves around the export and import of dried cassava 
roots or starch. In sub-Saharan Africa it is an important source of employment and 
income, since most of the processing of this crop into food is done on a small scale 
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in rural areas. Harvested cassava roots are mainly consumed directly by many 
farm households or fed to their livestock. However, cassava root starch can also 
be used in a wide array of industries, including food manufacturing, 
pharmaceuticals, textiles, plywood, paper and adhesives, and as a feedstock for 
the production of ethanol biofuel (FAO, 2013; FAO, 2014). It is therefore 
increasingly being used as an industrial crop (Jansson et al, 2009). African 
countries have little or no presence in the industrial processing of cassava starch, 
apart from Nigeria and South Africa.  
 
Relative to other crops, cassava has several agronomic traits that 
distinguish it as a food security crop that can be counted on to provide a source of 
nutrition during crop failures. Under the marginal conditions in which cassava is 
often grown, it produces more energy per unit area than most other crops and 
with limited human inputs (DAFF, 2010). The resilience of the crop to stress make 
cassava a major food security crop for subsistence farmers in sub-Saharan Africa 
(Cock, 1985; Romanoff and Lynam, 1992). Cassava is known to grow in degraded 
soil where almost nothing else can grow. It is naturally drought tolerant and 
resilient to climate changes, high temperatures, and poor soils, and in addition, 
cassava responds extremely well to high CO2 concentrations, making it a very 
important crop for 21st century (Kawano et al, 1978; El-Sharkawy, 1993; El-
Sharkawy, 2004; Jaramillo et al, 2005). Since it is propagated from stem cuttings, 
planting material is low-cost and readily available. Cassava is highly tolerant to 
acid soils, and has formed a symbiotic association with soil fungi that help its roots 
absorb phosphorous and micronutrients. Thanks to its efficient use of water and 
soil nutrients, and tolerance to sporadic pest attacks, cassava growers, using few 
if any inputs, can expect reasonable harvests where other crops would fail. One of 
the major positive attributes of cassava is that it does not have a specific 
harvesting period. Harvesting of some varieties can be “as needed”, at any time 
between six months and two years. During periods of food shortage, they can be 
harvested whenever needed, often one plant- or even one root- at a time, further 
demonstrating it as a food security crop and making it an attractive crop that can 
be used as a famine reserve (DeVries and Toenniessen, 2001 and Nweke et al. 
2001). This makes it an excellent food security crop as when all other crops have 
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been exhausted, cassava roots can still be harvested. It is the reliability of cassava 
harvests that is most important to cassava farmers. Another factor that favours 
increased cassava production is the crop’s potential to adapt well to climate 
change. A recent study of the impacts of climate change on major staple crops in 
Africa found that cassava was the least sensitive to the climatic conditions 
predicted in 2030, and that its suitability would actually increase in most of the 
5.5 million sq. km area surveyed. Conversely, all other major food crops in the 
region, including maize, sorghum millet, beans, potatoes and bananas, were 
expected to suffer largely negative impacts (Jarvis et al., 2012). 
 
These “hardy” traits have made cassava highly suitable for low-input, 
small-scale agriculture, while its inherent potentials have placed it among the 
crops most suitable for resource-poor farming in the tropics and neotropics under 
21st century climate change scenarios (FAO, 2013). Cassava’s new status in 
agriculture is a major step toward the realisation of a Global Cassava Development 
Strategy, adopted in 2001, after four years of consultation by FAO, the 
international Fund for Agricultural Development (IFAD), public and private sector 
partners and 22 cassava-producing countries. The strategy recognises cassava’s 
potential not only to meet food security needs, but also to provide an engine for 
rural industrial development and a source of higher incomes for producers, 
processors and traders (FAO/IFAD 2001). In 2003, The New Partnership for 
Africa’s Development (NEPAD) and the International Food Policy and Research 
Institute (IFPRI) promoted cassava as having the potential of becoming “a 
powerful poverty fighter in Africa”. It was strongly recommended that the 
expansion of cassava would profit Africa both socially and economically. 
Following the conference held by NEPAD and IFPRI, the NEPAD PAN African 
cassava initiative was born. The overall aim of the initiative is to transform cassava 
production so that it can be exploited for food security as well as for generating 
capital. Furthermore, the initiative is beneficial, as it has been structured to have 
a long-term developmental goal where hunger and poverty are envisioned to be 
reduced by 50%, by the year 2015. African governments and international non-
governmental organisations such as the United Nations International Children’s 
Emergency Fund (UNICEF), the International Fund for Agricultural Development 
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(IFAD), and the international Centre for Tropical Agriculture (CIAT) have become 
fully involved in the multiplication and distribution of cassava in order to harness 
the huge potential of this crop for food and non-food applications (Babaleye, 
1996). 
 
In South Africa (SA), cassava is grown as a secondary staple food by small-
scale farmers in the Mpumalanga, Limpopo and Kwazulu-Natal provinces for local 
sales or to traders from Swaziland and Mozambique (Daphne, 1980). Industrial 
processing of cassava roots for starch also presents economic potential for several 
regions and provinces in SA. Cassava ‘s food market potential is expanding at a 
rapid rate due to cassava’s drought tolerance and sustainable cropping systems 
are maintained by small-holder farmers, especially in semi-arid regions of SA 
(Mathews, 2000). Additionally, cassava is used in the making of ethanol, 
production is less than maize (1 ton of fresh tuber supplies 180 liters of ethanol) 
but it yields rawer material (7 – 10 tons) than maize per hectare (Mathews, 2000; 
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Nuwamanya et al, 2011; Tonukari, 2004). SAB has also started producing cassava 
beers in Mozambique and Ghana (Fig. 1.2) (www.sabmiller.com).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Impala beer produced by SAB in Mozambique. Photo taken in 
Uganda.  
1.2 Cassava mosaic disease (CMD) 
Like all major crops, cassava is vulnerable to pests and diseases that can 
cause heavy yield losses. Diseases such as cassava brown streak virus disease 
(CBSD), bacterial blight (Xanthomonas axonopodis pv. Manihotis), and 
anthrachose (Colletotrichum gloeosporiodes) are among the most important 
diseases. However, the most important constraint limiting cassava production is 
viral disease. Cassava mosaic disease (CMD) is a geminivirus that is endemic to all 
cassava-growing regions in Africa. It is the most economically important and the 
single greatest constraint to cassava production (Herrera-Campo et al, 2011).  
CMD was first identified in Tanzania in 1894, but it was not evident that a virus 
was responsible for the disease until Storey (1936) suggested that a virus might 
be the causal agent as it was shown to be transmissible.  
 
This viral disease is usually transmitted through the use of infected 
material as cassava is vegetatively propagated. In addition, whiteflies (Bemisia 
 8 
tabaci) are vectors for the 11 species of geminiviruses that cause CMD (Fauquet 
and Fargette, 1990; Legg and Fauquet, 2004; Patil and Fauquet, 2009; Patil and 
Fauquet, 2015). Incidences of CMD infection can be as high as 100% of all plants 
in a given region, with average yield reductions of 30-40% and losses of at least 
45 MT of fresh cassava roots each year (Legg and Thresh, 2000; Legg et al, 2006). 
Common symptoms (Fig. 1.3A-C) include misshapen leaves, chlorosis, mottling 
and mosaic. Plants suffer stunting and general decline, and the more severe 
symptoms, the lower the root yield. Symptoms may vary from plant to plant, due 
to differences in virus species and strains, sensitivity of the host, plant age, 
environmental factors as well as mixed infections (Legg and Thresh, 2000; 
Hillocks and Thresh, 2001).  
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Figure 1.3 A – D: (A –C) Cassava leaves showing typical symptoms of CMD, 
yellow mosaic patterns, leaf reduction, and distortion compared to (D) 
healthy leaves. Photos taken in Uganda. 
 
CMD first appeared in 1894 in Tanzania, and several CMD epidemics in 
Africa have since been reported. The most recent outbreak – and by far the most 
economically important- began in Uganda in the late 1980s and led farmers to 
abandon the crop in many parts of the country (Otim-Nape et al, 1997; Otim-Nape 
and Thresh, 1998; Deng et al, 1997; Zhou et al, 1997). Subsequently the disease 
has invaded most of East and Central Africa (Legg and Fauquet, 2004). The 
pandemic of severe CMD has now affected 12 counties and continues to spread 
(Legg et al, 2006; Legg et al, 2015). The increasing spread of super-abundant 
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whiteflies raises justifiable fears that CMD will spread further on the African 
continent and worldwide. This would have major and unanticipated 
consequences for food security, economic development and social stability in 
many countries, as much of the world’s cassava germplasm is highly susceptible 
to these viruses. Global warming is likely to also aggravate the situation, as higher 
temperatures will favour the whitefly vector. This potential additional impact 
from pests and diseases is all the more significant as cassava is one of the very few 
crops that may be relatively unscathed by future patterns of climate (Jarvis et al, 
2012).  
 
1.3 Geminiviruses 
Viruses pose a serious threat to global agriculture, and as revealed by the 
worldwide crop productivity survey, the yield loss imposed by viral pathogens 
ranks second next to pathogenic fungi (Oerke and Dehne, 2004). Viruses are 
primarily grouped into families, of which the family Geminiviridae causes 
devastating diseases in both monocot and dicot crops. Geminiviruses are small 
circular single-stranded DNA (ssDNA) viruses and are named for their twinned 
icosahedral particles. They infect and cause severe losses in economically 
important crops worldwide (Mansoor et al, 2003). The incidence and severity of 
geminivirus diseases has greatly increased in the past 20 years (Mansoor et al, 
2006). Geminivirus genomes can also undergo high levels of mutation, 
recombination, and reassortment to increase virus diversity (Duffy and Holmes, 
2008; Martin et al, 2011).  
 
Geminiviruses have been classified into seven genera namely Becurtovirus, 
Begomovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus, and 
Turncurtovirus on the basis of its genome organisation, insect vectors and 
biological properties (ICTV, 2012, http://ictvonline.org/virusTaxonomy.asp; 
Brown et al., 2015). These viruses are transmitted through insect and vectors such 
as whiteflies, leafhoppers, and treehoppers. These non-enveloped viruses possess 
circular, single-stranded DNA genomes (~2,7 Kb) that are packed into twinned 
icosahedral capsids. Geminivirus genomes are either monopartite (containing one 
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ssDNA) or bipartite (containing two ssDNA molecules known as DNA A and DNA 
B) (Fig. 1.4). Whether monopartite or bipartite, all geminiviruses contain an 
intergenic region, which holds a stem loops structure, located within the origin of 
replication, as well as divergent promoter elements responsible for sense and 
complementary-sense gene expression (Bisaro, 1996). Although the family of 
geminiviruses is large and includes multiple genera, all geminiviruses in general 
encode a movement protein, a coat protein and a replication initiator protein, that 
is required for rolling circle replication (RCR) of the virus. They have few but 
efficient proteins for their genome replication, movement, encapsidation and host 
RNAi suppressors. Two additional DNA molecules referred to as alpha- (DNA-α) 
and beta- (DNA-β) have shown to be associated with a monopartite 
begomoviruses (Rey et al, 2012). They repeatedly subsist in disease complex due 
to its high mutation rates, which allows them to acclimatise quickly against 
unfavourable environments. Furthermore, subgenomic defective interfering (DIs) 
DNAs, which are from deletions from their monopartite or bipartite helper virus, 
has also been reported. 
 
 
 
 
Figure 1.4: Genome organisation of DNA A and DNA B components of 
cassava-infecting begomoviruses. DNA-A contains six open reading frames 
(ORFs) and DNA B contains two ORFs (indicated by the coloured arrows). The 
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direction in which transcription occurs once the virus is within a plant host is 
depicted by the arrow head (Diagram modified from Berrie et al, 2001). 
 
DNA A has six open reading frames (ORFs) (Fig. 1.4) namely, AV1 (coat 
protein), AV2 (pre-coat ORF), AC1 (replication initiation protein), AC2 
(transcription activator protein), AC3 (replication enhancer), and AC4 (possibly 
determining symptom expression). The coat protein (CP or AV1) and the pre-coat 
protein (AV2), which is only found in Old World begomoviruses [such as South 
African Cassava Mosaic Virus (SACMV)] are encoded by the viral strand of DNA A. 
The complementary strand encodes for four proteins: AC1, AC2, AC3 and AC4 from 
overlapping ORFs. AC1 is required for initiation of DNA replication and is termed 
the replication-associated protein (Rep). The Rep protein is essential for the 
replication of both geminate molecules. It contains conserved functional domains 
that are responsible for the initiation and termination of the rolling circle 
replication (RCR) (Lafs et al, 1995; Hanley-Bowdoin et al, 2000). AC2 has been 
reported to contain a mono-directional promoter and its gene product (TrAP) is 
responsible for the trans-activation of virion-sense gene expression in both DNA 
A and DNA B (Gutierrez, 1999; Legg and Fauquet, 2004). TrAP localises to the 
plant host nucleus where is preferentially binds to ssDNA. AC3 is the DNA 
replication enhancer (Ren) (Gafni and Epel, 2002; Harrison and Robinson, 2002). 
The AC4 ORF lies embedded with the coding region of the Rep protein (AC1) and 
it is the least conserved of all the geminiviral proteins, both is sequence and 
function (Bisaro, 2006). Agroinfiltration assays conducted by Vanitharani et al. in 
2004 and 2005 showed that the AC4 protein of African cassava mosaic virus-
Cameroon (ACMV-CM) and Sri Lankan cassava mosaic virus (SLCMV) is involved 
in RNA silencing, which in turns results in enhanced disease progression. The 
ORFs on DNA B (Fig.4) encodes the proteins that are necessary and directly 
involved in the efficient systemic spread of the virus, BV1 (encoding nuclear 
shuttle protein) and BC1 (encodes for movement protein). BC1 is found on the 
complementary strand and mediates cell-to-cell movement of the virus. BV1 is the 
nuclear shuttle protein (NSP), which controls the movement of the viral DNA 
between the nucleus and the cytoplasm (Gafni and Epel, 2002; Harrison and 
Robinson, 2002).  
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Geminivirus DNA replication occurs in the nucleus of the host, requiring 
two stages for replication, firstly ssDNA conversion to dsDNA, and secondly 
rolling-circle replication (RCR).  In the first stage the viral circular genomic ssDNA 
(positive strand) is converted into supercoiled covalent dsDNA intermediates 
through a priming event activating the negative strand origin of DNA replication. 
These dsDNA intermediates are then amplified through a RCR mechanism 
(Gutierrez, 1999). The initiation site for RCR has been mapped to the intergenic 
region, which contains an invariant nine-nucleotide sequence (TAATATTAC) that 
is common among all geminiviruses. Geminiviruses use a replication at a high 
conserved stem-loop structure located between two major open reading frames 
of the genome (Hanley-Bowdoin et al, 1999; Jeske, 2009).  Following infection, the 
virus particle enters the nucleus via a nuclear localisation signal on the coat 
protein, and after release of the viral ssDNA, host cell DNA polymerase I and 
components of DNA repair machinery synthesise a complementary strand to 
generate a dsDNA intermediate. Upon association with nucleosomes to form a 
“minichromosome” the replication by nicking the virion strand of dsDNA template 
at a highly conserved nonanucleotide sequence contained within the origin of 
replication. Then, using the host cell replication machinery, Rep generates 
multiple copies of virion-sense strand ssDNA using the complementary-sense 
strand as a template. The virion-sense strand becomes displaced from the 
template strand, and then is nicked and religated by Rep to be released as multiple 
copies of circular ssDNAs, which can either undergo RCR or become packaged into 
mature virions during the late stage of infection (Hanley-Bowdoin et al, 1999; 
Jeske, 2009). This mechanism of replication is highly effective and can result in 
expression of tens of thousands of copies of the viral genome per cell. The genomic 
components have regions and motifs to control the viral gene replication and 
expression (Orozco and Hanley-Bowdoin, 1996).    
 
In order to complete an infection cycle in a host, geminiviruses disrupt 
many host processes, which involve transcriptional regulation, DNA replication, 
cell cycle control, and macromolecular trafficking in plants. Certain pathways such 
as those involved in plasmodesmata structure and function are altered and 
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silencing of defence-related mechanisms occurs (Gutierrez, 2002). In addition, 
geminivirus pathogenicity proteins interfere with host proteins such as NAC 
transcription factor domains as well as with retinoblastoma-related (RBR) 
pathways (Gutierrez, 2002). The Rep/AC1 protein functions by nicking the DNA 
once it has bound to the stem structure at the replication origin and initiates 
rolling-circle DNA replication. One problem encountered by geminiviruses is that 
they infect terminally differentiated cells at the resting state (G0), which lack 
factors required for DNA replication. In order to overcome this problem 
geminiviruses induce host proliferating cell nuclear antigen (PCNA), which is a 
DNA polymerase accessory factor, normally found in the S-phase. Rep/AC1 is 
therefore required to induce PCNA. The process involves binding of Rep/AC1 to 
the viral replication enhancer (AC3), which then binds to PCNA (Arguello-Astorga 
et al., 2004). Rep/AC1 in turn, physically interacts with host encoded 
retinoblastoma-like tumor suppressor proteins (pRbs). In mammals, the pRB 
protein functions as the G1 checkpoint regulator that prevents completion of G1 
and entry into the S-phase. Cyclin-dependent kinases have phosphorylating 
activity, which stops the cell-cycle inhibition activity of pRb, therefore allowing 
progression into S-phase. It is believed that geminivirus Rep proteins interact with 
and either inactivate or divert the pRb-like protein in infected cells, allowing S-
phase- specific mRNA production, also providing a pool of factors and enzymes 
required for viral DNA replication (Hanley-Bowdoin et al., 2004). Plant 
geminiviruses are therefore analogous to animal DNA tumor-inducing viruses 
(such as SV40) and adenoviruses. These viruses also encode proteins, which affect 
cell cycling apparatus (Carrington and Whitham, 1998). In addition, geminiviruses 
encode multiple silencing suppressors that interfere with plant small interfering 
RNA (siRNA) production and alter plant DNA methylation and microRNA (miRNA) 
pathways, often causing developmental abnormalities (Aregger et al, 2012; 
Bisaro, 2006; Hanley-Bowdoin et al, 2013; Rodriguez-Negrete et al, 2013).  
 
1.4 Plant-Pathogen interactions 
The interactions between a plant and its pathogens involve two-way 
communication. Not only must the plant be able to recognise and defend itself 
against a potential pathogen landing on its surface, but also the pathogen must be 
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able to manipulate the biology of the plant to create a suitable environment for its 
growth and reproduction. Both plants and pathogens have evolved a suite of genes 
that enables this communication (Jones and Dangl, 2006). According to current 
plant immunity descriptions, there are two layers of plant immune responses 
against microbial pathogens. The first line of active plant defences involves the 
recognition of the pathogen or microbe-associated molecular patterns (PAMPS or 
MAMPS) by plant pattern recognition receptors (PRR), which triggers the general 
plant defence responses referred to as PAMP-triggered immunity (PTI) (Jones and 
Dangl, 2006; Bent and Mackey, 2007; Boller and Felix, 2009; Dodds and Rathjen, 
2010; Schwessinger and Ronal, 2012). As a counter-response to plant PTI defence, 
adapted microbes deliver specific ‘effector’ proteins into plant cells, which 
compromise PTI defences and interfere with host defence signalling by Supressing 
the different components of PTI.  
 
The second line of plant defence involves the recognition of specific 
effectors [referred to as avirulence (Avr) proteins] by resistance (R) genes 
encoded by the plant, triggering what is often perceived as a stronger resistance 
response and referred to as effector-triggered immunity (ETI). This R/Avr-gene 
recognition has been termed ‘gene-for-gene resistance’ (Gururani et al, 2012).  To 
further defend the action of the microbial effectors, plants evolved specific 
surveillance systems involving receptor-like proteins (R proteins) that directly or 
indirectly recognise the microbial effectors or monitor their activities in the cell 
to trigger effector-triggered immune (ETI) response.  An effector protein can also 
be the elicitor of ETI defence. Whether the effector or elicitor role of an effector 
protein prevails is primarily predicted on the presence of the complementary R 
gene in the plant. The ETI response, and to somewhat lesser extent the PTI 
responses, are closely associated with or even culminate in HR, thus imparting 
resistance against invading pathogens (Jones and Dangl, 2006).  
 
Based on current definitions of microbial P/MAMPS and effectors (Jones 
and Dangl, 2006; Bent and Mackey, 2007; Boller and Felix, 2009; Dodds and 
Rathjen, 2010; Schwessinger and Roland, 2012) viruses are not generally viewed 
as encoding P/MAMPs or effectors, and antiviral immune responses triggered via 
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the R proteins are not typically classified as ETI response, although R protein-
mediated responses are triggered by virus-encoded proteins. There is growing 
evidence that R-gene-mediated immunity and innate immunity i.e. RNA silencing 
function in concert to defend plants against viruses. To counteract this dual 
defence and establish infection in susceptible hosts, some viral pathogen proteins 
have evolved additional functions to supress both PTI/ETI innate responses and 
RNA silencing.  
 
Plant responses to virus infection 
R-gene mediated responses to virus infection 
Over the past decade, several R genes that mediate resistance against 
viruses have been identified (Collier and Moffett, 2009; Gururani et al, 2012). The 
majority of the cloned dominant R genes encode the conserved nucleotide binding 
(NB) and LRR family proteins (Collier and Moffett, 2009; Moffett, 2009; Gururani 
et al, 2012). NB-LRR proteins also contain additional N-terminal domains such as 
the TIR homology domain, a CC domain, a Solanaceae domain, or a predicted BED 
zinc finger domain. Until recently, the LRR domain was thought to be the major 
domain critical for R protein function. However, growing evidence indicates that 
both the LRR and the N terminus domains (TIR and CC) are critical for proper 
resistance responses. The two domains function through intramolecular 
interactions and interactions with other proteins (R cofactors) to mediate 
recognition of pathogen elicitors (Collier and Moffett, 2009; Moffett, 2009). 
 
In viral infections, in addition to the dominant R gene-related resistance 
responses, another form of recessive resistance exists that is typically derived by 
a loss of function in host proteins critical for the establishment of disease 
(Robaglia and Caranta, 2006; Truniger and Aranda, 2009; Gururani et al., 2012). 
Resistance genes, particularly those encoding the NB-LRR proteins, have well-
conserved roles in plants, which are to guard the host cells against diverse viral 
and nonviral pathogens and to trigger disease resistance. Moreover, the general 
mechanism of the recognition of R proteins and Avr factors appears to be similar 
for viral and nonviral pathogens, whereby R cofactors play crucial roles to guide 
or modulate R/Avr interactions, ultimately activating HR and resistance 
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responses. While the predominant antiviral resistance responses are mediated by 
the dominant R genes, other host proteins, such as the elongation initiation 
factors, TOM proteins, ER chaperones, calreticulins, and lectin proteins, also 
influence host resistance against diverse viral infections. 
 
Current advances in cassava biology have led to the construction of a 
genetic map consisting of 1061 genes coding for resistance protein analogs (RPAs) 
(Soto et al, 2015) and identification of 327 genes encoding for RPAs of NBS-LRR 
class (Lozano et al, 2015). Developing tolerant or resistant plants requires an 
initial exploration of immunity-related genes (IRGs) in potential hosts interacting 
with a putative pathogen. In a study by Louis and Rey, (2015) the transcriptome 
data of tolerant cassava TME3 (which exhibits a recovery phenotype) and 
susceptible cassava T200 infected with South African cassava mosaic virus 
(SACMV) were explored for RGAs. Putative resistance protein analogs (RPAs) with 
amide-like indole-3-acetic acid–Ile-Leu- Arg (IAA-ILR) and leucine-rich repeat 
(LRR)-kinase conserved domains were unique to TME3. In TME3 and T200 
common responsive RPAs were the dirigent-like protein, coil–coil nucleotide-
binding site (NBS) and toll- interleukin-resistance, disease resistance zinc finger 
chromosome condensation-like protein (DZC), and NBS- apoptosis repressor with 
caspase recruitment (ARC)–LRR domains. Mutation in RPAs in the MHD motif of 
the NBS- ARC2 subdomain associated with the recovery phase in TME3 was 
observed. Additionally, a cohort of 25 RGAs mined solely during the recovery 
process in TME3 was identified. Phylogenetic and expression analyses support 
that diverse RGAs are differentially expressed during tolerance and recovery. This 
study revealed that in cassava RGAs participate in tolerance and differentially 
accumulate during recovery as a complementary defence mechanism to natural 
occurring RNA silencing to inhibit viral replication. 
 
Viral components, such as dsRNA, single-stranded RNA and DNA are 
sensed by three classes of receptors: retinoic acid-inducible gene I-like, Toll-like 
and nucleotide oligomerization domain-like receptors (Takeuchi and Akira, 
2009), with the latter being similar to plant NB-LRRs (Bonardi et al., 2012). In 
plants, there is no evidence for recognition of viral RNA or DNA by immune 
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receptors and the RNA silencing system have evolved to recognise and target viral 
nucleic acids. No viral PAMPs have identified so far and PTI-based antiviral 
response can potentially be elicited by plant DAMPs. Additionally, ‘modified self’ 
products of the viral effector activity can be sensed by unconventional CC-NB-
LRRs such as ADRs. Viral and non-viral pathogens induce similar immune 
reactions (Soosaar et al., 2005) thus, local virus infection leads to SAR in 
uninfected tissues. Little is known about DNA viruses and R gene-mediated 
immunity. In the case of geminiviruses (family Geminiviridae), the CC-NB-LRR 
gene CYR1 was recently implicated in resistance to Mugbean yellow mosaic India 
virus (Maiti et al., 2011).  
 
To achieve successful infection, a pathogen must be able to manipulate the 
cellular environment of the host plant, not only suppressing the natural defence 
responses of the plant, but also altering the cellular environment to allow it to 
grow and reproduce. This is achieved by the production of an arsenal of proteins, 
collectively known as effectors, which target plant defence pathways and 
metabolism (Koeck et al., 2011). Increasing numbers of pathogen effectors are 
being identified, and understanding the role of these effectors in suppressing the 
general PTI plant defence responses will enable the development of new 
approaches to disease resistance. 
 
Tolerance and recovery in plants 
Resistance is defined as the ability to limit parasite burden to non-
detectable levels of virus replication (Räberg et al, 2007). Ideally, a fully resistant 
plant would not be infected by a virus and would not show any symptoms and no 
detectable viral titre (Bruening et al, 2006). Conversely, tolerance to virus 
infection leads to reduced crop damage (Fraile and García-Arenal, 2010) and is 
associated with persistent virus replication at low level (Bruening et al, 2006). 
Plant recovery from viral-induced symptoms is phenotypically manifested by a 
progressive reduction in symptom severity or appearance of symptomless leaves 
at the apices. Recovery in some cases is a key phenotypic indicator of tolerance, 
characterised by natural RNA silencing defence mechanism (Rodríquez-Negrete, 
2009; Nie and Molen, 2015). 
 19 
 
1.5 RNA silencing  
Plants live in a fluctuant, unpredictable environment and being sessile, 
they are exposed to a large number of potential stressors. Physiological flexibility 
is therefore a crucial attribute for plants when coping with biotic and abiotic 
stresses. Therefore, the regulation of gene expression is a key element in 
remaining adaptive to variable stresses. RNA silencing, also known as RNA 
interference (RNAi), is an essential genetic regulatory mechanism conserved in 
eukaryotic organism. The term RNA silencing refers to the nucleotide-sequence-
specific inhibition pathways mediated by small RNAs. RNAi can act at 
transcriptional (Transcriptional Gene Silencing, TGS) or at post-transcriptional 
levels (Post-transcriptional Gene Silencing, PTGS) (Ding and Voinnet, 2007; 
Baulcombe, 2004; Brodersen and Voinnet, 2006; Chapman and Carrington, 2007; 
Vaucheret, 2006; Voinnet, 2009), and has many diverse roles including 
developmental regulation, stress response or defence against invading nucleic 
acids like transposons or viruses (Ding and Voinnet, 2007; Baulcombe, 2004; 
Brodersen and Voinnet, 2006; Chapman and Carrington, 2007; Vaucheret, 2006; 
Voinnet, 2009; Pumplin and Voinnet, 2013). 
 
The silencing of RNA relies on host- or virus-derived 21-24 nucleotide long 
sRNA molecules, which are key mediators of RNA silencing-related pathways in 
plants and other eukaryotic organisms (Voinnet, 2009; Ruiz-Ferrer and Voinnet, 
2009; Llave, 2010). In plants there are two main types of sRNAs, microRNAs 
(miRNAs) and short interfering RNAs (siRNAs) (Vaucheret, 2006; Brosnan and 
Voinnet, 2009). MiRNAs are derived from single-stranded (ss) RNAs folded into 
short imperfect stem-loop structures and siRNAs are derived from dsRNAs, 
resulting from the folding of long inverted repeats (IR), convergent transcription 
or the action of RNA-dependent RNA polymerase (RDR) on ssRNA. MiRNAs and 
siRNAs all associate with Argonaute (AGO) proteins to guide TGS or PTGS on 
cognate targets based on their homology (Mochizuki et al., 2002). The endogenous 
small RNA repertoire of wild-type plants grown under standard conditions 
consists of 10% miRNAs and 90% siRNAs (Kasschau et al., 2007). Among the 
siRNA category, different types exist, including trans-acting siRNAs (tasiRNA), 
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natural antisense transcript-derived siRNAs (nat-siRNAs), endogenous siRNAs 
(endo-siRNAs), DNA-dependent RNA Polymerase IV (PollV)/PolV siRNAs (p4/p5-
siRNAs) and Needed for RDR2 Independent DNA methylation (NERD) siRNAs. 
 
These sRNAs are produced from double-stranded RNA (dsRNA) or from 
folded structures by Dicer-like proteins (DCLs), and they guide Argonaute (AGO) 
proteins to target cognate RNA or DNA sequences (Ruiz-Ferrer and Voinnet, 
2009). These endogenous sRNAs play important roles in many aspects of gene 
regulation in plants, controlling developmental programming or biotic and abiotic 
stress responses (Ruiz-Ferrer and Voinnet, 2009). Both cellular and antiviral 
siRNA biogenesis often require RNA-dependent RNA polymerases (RDRs). In the 
model plant Arabidopsis (Arabidopsis thaliana), there are four DCLs, ten AGOs and 
six RDRs (Vaucheret, 2006), which are specialised for different silencing related 
pathways. 
 
Plants (and other organisms) use silencing for three purposes: creating and 
maintaining heterochromatin or repetitive DNA and transposons; regulating 
development, stress response and other endogenous regulatory functions; and 
defending against viral and bacterial infections (Hohn and Vazquez, 2011). The 
core of RNA silencing is the formation and recognition of double-stranded (ds) 
RNA, which otherwise does not play a role in cellular genome replication and 
expression and which does not elicit an interferon response in plants. When 
recognised by DICER-LIKE (DCL) and dsRNA binding proteins (DRB), dsRNA is 
diced into 21-24 nt small RNA (sRNA) duplexes with 2-nt-3’-overhangs (see Ref 
Vazquez et al, 2010 for more details). These duplexes interact with Argonaute 
(AGO) and associated proteins to form RNA-induced silencing complexes (RISCs) 
with one of the sRNA strands in a process that is accompanied by the 
release/degradation of the other “passenger” strand. RISCs are either involved in 
chromatin modification or in translation inhibition and cognate RNA degradation 
(slicing) depending on the AGO effector (Mallory and Vaucheret, 2010) and 
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associated GW/WG motif containing proteins (El-shami et al, 2007; Azevedo et al, 
2010). 
 
Cleavage products of the target RNAs are “aberrant” and can serve as 
template of RNA-dependent RNA-polymerases (RDR) to form dsRNAs, which 
again can initiate silencing in an autocatalytic, self-sustained manner. The 
enzymes involved in the silencing pathways are members of protein families i.e. 
Arabidopsis has four DCLs, four DRBs, ten AGOs and six RDRs, specifically involved 
in different silencing pathways, with partially redundant functions. Plant DCLs 
differ in the size of the sRNAs they produce: DCL3 produces 24 nt long sRNAs, 
DCL2 22 nt ones and DCL4 21   ones from long perfectly paired RNAs. DCL1 also 
produces 21 and 22 nucleotides long sRNAs but preferentially form short 
imperfectly hairpins. 
 
NGS data indicates that specific subsets of AGO proteins are connected to 
each DCL and that the stabilization of sRNAs into each AGO depends on 
preferential, hierarchical binding affinity of each AGO for the 5’ terminal 
nucleotide of the sRNAs (Mi et al, 2008). AGO1 favours 21 nt or 22 nt 5’U-, AGO2 
21 nt 5’A-, AGO4 24 nt 5’A- and AGO5 21-24 nt 5’C-terminated sRNAs. AGO7 binds 
specifically to miR390 (Mi et al, 2008; Montgomery et al, 2008; Takeda et al, 2008).  
 
Mechanistically, the RNA silencing process consists of initiation phase, 
effector phase and the amplification phase. During silencing initiation double-
stranded RNAs (dsRNAs) of different origins are processed by an RNase III type 
enzyme Dicer, in plants known as DICER-LIKE proteins (DCL), into short, 21-24 nt 
long, small RNA (sRNA) duplexes (Hamilton and Baulcombe, 1999; Hutvagner et 
al, 2001). DICERs require DOUBLE-STRANDED RNA BINDING (DRB) proteins for 
accurate sRNA production (Eamens et al, 2012a, b; Hiraguri et al, 2005). The 
sRNAs are stabilised at their 3’ end by the HUA Enhancer 1 (HEN1)-dependent 
methylation (Boutet et al, 2003; Yang et al, 2006) and exported from the nucleus 
by HASTY (HST) (Park et al, 2005) to be loaded onto Argonaute proteins 
(Hammond et al, 2001; Liu et al, 2004) the effectors of the RNA-Induced Silencing 
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Complex (RISC) (Lee et al, 2004; Tomari et at, 2004) or RNA Induced 
Transcriptional Silencing complex (RITS) (Ekwall, 2004). Guided by the sRNA 
sequence, RISC induces slicing or translational repression of its target RNAs 
(during PTGS) in a sequence-specific manner, whereas RITS complex causes 
histone and/or DNA methylation, resulting in transcriptional gene silencing (TGS) 
of the homologous gene (Creamer and Partridge, 2011) 
 
In plants, the effector step can result in amplification of silencing response 
involving RNA-dependent RNA polimerases (RDRs) proteins (Dalmay et al, 2000; 
Vaistij et al, 2002). Amplification of RNA silencing has been implicated in the 
spread of an RNA silencing signal, a non-cell-autonomous process (Schwach et al, 
2005)   
 
The best-studied plant model, Arabidopsis thaliana genome encodes 4 
members of DCLs (DCL1-DCL4) (Bologna and Voinnet, 2014), five DRBs 
(HYL1/DRB1, DRB2, 3,4,5) (Hiraguri et al, 2005), 10 AGOs (AGO1-10) (Mallory 
and Vaucheret, 2010) and 6 RDRs (Rdr1, 2, 3a, 3b, 3c and 6) (Wassenegger and 
Krczal, 2006). These proteins have partially redundant roles and combine with 
each other to result in diverse classes of small RNAs and different effector outputs 
of the RNA silencing pathways. The small RNA classes identified in plants include 
microRNAs (miRNAs), trans-acting small interfering RNAs (tasiRNAs), natural-
antisense RNAs (nat-siRNAs), repeat-associated siRNAs (ra-siRNAs), viral siRNAs 
(vsRNAs) and virus-activated siRNAs (vasiRNAs). These classes possess 
specialised roles during development, stress responses, heterochromatic 
silencing, viral infection and host-pathogen interplay, respectively (Bologna and 
Voinnet, 2014).  
 
To understand the molecular mechanism of host defence mechanism 
during host-virus interaction, it is imperative to study the siRNA generation and 
their characterisation. Deep sequencing of sRNA pool is powerful tool to identify 
the consensus and specific siRNA. Simultaneously, the identification of their 
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targets would further provide insight pathway and uncover the route through 
which viruses’ cause disease.  
 
DICER-LIKE proteins 
Dicer RNase-III endonucleases process long dsRNA into sRNA duplexes 
exhibiting 2-nucleotide (nt) 3’ overhangs and 5’ monophosphates. Both animal 
and plant DICER-LIKE (DCL) proteins display DExD-box, Helicase-C, domain of 
unknown function 283 (DUF283), PIWI/ARGONAUTE/ZWILLE (PAZ), RNase-III, 
and dsRNA-binding domain (dsRBD) domains (Margis et al, 2006). The distinct 
dsRNA recognition modes by these domains underlie the accuracy and specificity 
of sRNA processing from distinct substrates. In the first mode, one end of a near-
perfect dsRNA helix is anchored to the PAZ domain, which is connected to the 
catalytic domain through an α-helix (the “ruler”) whose length determines the size 
of processed sRNAs. In the absence or hindrance of PAZ, a second mode entails 
nonspecific dsRNA binding via the dsRBD. A third mode involves recognition of 
imperfect stem-loop substrates (i.e. premiRNA) via the binding of single-stranded 
loops by the ATPase/helicase domain, acting as the primary RNA sensor for 
discriminating between premiRNA and long dsRNA substrates, even though the 
NTPase activity is dispensable for miRNA biogenesis. Dicer helicase likely 
functions as an ATP-dependent translocase that provides the energy required for 
multiple cuts along dsRNA substrates. Plant DCL genes from a monophyletic group 
spawned after the plant-animal split but before the monocot-dicot divergence 150 
million years ago (Henderson et al, 2006). They share structural similarities with 
their animal counterparts, suggesting that the biochemical properties mentioned 
above are also applicable to their varied modes of action.  
 
MicroRNA-generating DCL1 
The DCL1 domain architecture comprises a DExD/H-box RNA helicase, 
DUF283, PAZ, two tandem RNase-III domains, and two tandem dsRBDs (Margis et 
al, 2006). The involvement of at least two cycles by DCL1 for pri- to pre-miRNA 
and pre- to mature-miRNA processing likely explains ATP dependency to plant 
miRNA biogenesis (Bologna et al, 2009, Kurihara and Watanabe 2004). The 
second C-terminal dsRBD, also found in DCL3 and DCL4 but not in DCL2, promotes 
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DCL1 localization into the nucleus, where it assembles with other miRNA 
biogenesis factors in specialised dicing bodies (Burdisso et al, 2012; Fang and 
Spector, 2007). DCL1 undergoes negative feedback regulation by two of its own 
miRNA products: miR162 targets the DCL1 mRNA at the junction of exon 12 and 
13, whereas the miR838 precursor resides with intron 14, such that its processing 
results in DCL1 splicing, generating two non-productive mRNA fragments 
(Rajagopalan et al, 2006). 
 
Small-interfering RNA-generating DCL2, DCL3 and DCL4 
Arabidopsis DCL2, DCL3 and DCL4 process long, near-perfect dsRNA 
substrates into populations of 22, 24 and 21 nt siRNAs, respectively (Henderson 
et al, 2006). The distance separating the PAZ and catalytic domains of each protein 
underpins these size specifications. DCL3 action in transcriptional gene silencing 
(TGS), mediated by 24 nt siRNAs, is generally linked to RDR2 products originating 
from transposons and repeats undergoing RNA-directed DNA methylation 
(RdDM) (Pontes et al, 2006). DCL4-dependent posttranscriptional gene silencing 
(PTGS), mediated 21 nt siRNAs, initiates from endogenous RDR6 and RDR1 
products, including trans-acting siRNAs (tasiRNAs) precursors. DCL2 and its 22 nt 
siRNA products act redundantly in TGS and PTGS, downstream, of RDR6 and RDR2 
(Jauvion et al, 2012).  
 
Generic substrates for the three DCLs also include intramolecular RNA 
fold-back transcripts originating from endogenous inverted repeats (IR) loci or 
their transgenic counterparts; some evolutionary young pre-miRNAs (e.g. 
miR822) also fold into near-perfect IRs, and, as such, are processed by DCL4 
instead of DCL1 (Rajagopalan et al, 2006). Generic exogenous DCL2, DCL3, and 
DCL4 substrates comprise virus-derived dsRNA produced by the combined action 
of virus- and host-encoded RDRs, including RDR1/6 (RNA viruses) and RDR2 
(DNA viruses) (Pumplin and Voinnet, 2013). The dominant action of a particular 
DCL on a dsRNA substrate underlies not only the specific size but also the 5’-
nucleotide identity of siRNA duplexes, and both of these critically influence their 
particular ARGONAUTE (AGO) protein and, ultimately, their biological output. 
Depending on the availability of particular DCLs in specific tissues or cell types, a 
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given dsRNA may thus be processed into siRNAs with drastically different modes 
of action.  
 
RNA-dependent RNA polymerases  
RDRs, defined by a conserved catalytic domain required for copying single-
stranded RNA (ssRNA) into dsRNA, are found in RNA viruses, plants, fungi, 
protists, and C. elegans but are notably absent in Drosophila and mammals. One 
member of each of the three eukaryotic RDR clades – RDRα, RDRβ, and RDRγ- was 
present in the most recent common ancestor of plants, animals and fungi (Zong et 
al, 2009). All known functions of plant RDRs are coordinated with the sequential 
processing of their long dsRNA products by one or several DCLs into secondary 
siRNAs. These differ from primary siRNAs, which may trigger, directly or 
indirectly, RDR activity via direct priming or by enabling AGO-directed 
endonucleolytic cleavage as a starting point for dsRNA synthesis. 
 
Among the six Arabidopsis RDRs, RDR1, RDR2, and RDR6 (RDRα clade) 
share the canonical C-terminal catalytic DLDGD motif of eukaryotic RDRs. They 
show functional diversification in distinct endogenous silencing pathways by 
being linked to the action of specific siRNA-processing DCLs. Loss of RDR1, RDR2 
and RDR6 function also enhances plant susceptibility to viral infection (Pumplin 
and Voinnet, 2013). RDRα clade members also have indirect roles in defence 
against nonviral pathogens (e.g., bacteria, oomycetes, and nematodes) and 
herbivores by producing endogenous regulatory sRNAs, including tasiRNAs and 
natural antisense transcript siRNAs (nat-siRNAs) (Katiyar-Agarwal et al, 2006; 
Pandey and Baldwin, 2007). Arabidopsis RDR3, RDR4, and RDR5, defining the 
RDRγ clade, display an atypical catalytic DFDGD motif and have not yet been 
assigned any RNA silencing functions (Zong et al, 2009). Nonetheless, all six RDRs 
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show distinct developmental and stress-responsive expression patterns 
(Willmann et al, 2011). 
 
AGONAUTE Proteins 
AGO and AGO-like proteins are the main RNA silencing effectors across all 
kingdoms. The Arabidopsis genome encodes 10 AGO genes, defining three major 
phylogenetic clades: AGO1, -5, and -10; AGO2, -3, and -7; and AGO4, -6, -8, and -9 
(Mallory et al, 2009). Recently, 13 AGOs have been identified in cassava including 
an AGO9 homologue (Mirzaei et al, 2014). Canonical eukaryotic AGOs contain four 
main domains; a variable N-terminal domain and the more highly conserved PAZ, 
MID, and PIWI domains, which together correctly positions sRNAs relative to their 
targets. PAZ, MID, and PIWI are connected by the L1 and L2 linker regions. AGOs 
fold into a bilobal structure displaying a central groove for sRNA binding (Wang 
et al, 2009). A nucleotide-specificity loop lining the sRNA-binding pocket in the 
MID domain recognises the 5’ nucleotide of sRNAs, and the PAZ domain binds the 
3’ terminal end (Frank et al, 2012). The PIWI domain adopts an RNase-H-like fold 
and exhibits endonuclease (slicer) activity mediated by an Asp-Asp-His (DDH) 
catalytic triad (115), although the DDH domain is not always sufficient for slicing 
(Liu et al, 2004). 
 
Silencing has been experimentally demonstrated for Arabidopsis AGO1, -2, 
-7 and -10 (mediating PTGS) and AGO4 (mediating TGS) (Zhu et al, 2011). Studies 
of plant immunoprecipitates have revealed that the sRNA size and 5’-terminal 
nucleotide bias the loading of these proteins (Mi et al, 2008; Montgomery et al, 
2008; Zhu et al, 2011). Thus, AGO4, -6, and -9 associate mostly with 24 nt siRNA, 
whereas AGO1, -2, -5, -7 and -10 bind 21-22 nt molecules. AGO7 and -10 are 
associated almost exclusively with miR390 and miR165/166, respectively, 
whereas AGO1, -2, and -5 preferentially bind sRNAs exhibiting a 5’-end uridine, 
adenosine, or cytosine, respectively (Mi et al, 2008). In addition, AGO4, -6, and -9 
associate primarily with 5’-adenosine sRNAs. Mutational analysis studies have 
confirmed the importance of the 5’-nucleotide identity in AGO sorting of some 
sRNAs, further studies also revealed additional requirements (including base-pair 
mismatches or protein interactions) for sorting of others. For example, most of the 
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MIR165/166 family members contain a 5’-terminal uridine, normally licensing 
them for AGO1 loading, but these specifically associate with AGO10 instead (Zhu 
et al, 2011). Likewise, miR390 selectively loads into AGO7 instead of AGO2 despite 
having an adenosine at its 5’-terminal (Montgomery et al, 2008). 
 
AGO1, -5, and -10 clade  
In addition to its central role in miRNA functioning and tasiRNA 
production/activity (DCL1- and DCL1/DCL4-dependent processes, respectively), 
AGO1 also mediates antiviral silencing upon loading with 21- and 22- nt virus-
derived siRNAs (vsRNAs) produced by DCL4 and DCL2, respectively (Pumplin and 
Voinnet, 2013). Verified modes of AGO1 action in some of these pathways include 
slicing as well as TR, possibly coupled to RNA decay. AGO1 levels are also 
regulated during its loading with sRNA, which requires HEAT-SHOCK PROTEIN 90 
(HSP90) and the Arabidopsis cyclophilin-40 ortholog SQUINT (SQN) (Iki et al, 
2010; Iki et al, 2012). Autophagic degradation of unloaded AGO1 and FBW2-
mediated control of AGO1 loading/chaperoning are part a homeostatic control 
mechanism that enables AGO1 steady-state levels to remain relatively constant 
under adverse environmental or stress conditions, including virus infection. 
Similar to DCL1 control by miR162, AGO1 homeostasis also entails its regulation 
by miR168 via (a) miR168-AGO1-dependent slicing of AGO1 mRNA, (b) TR of 
AGO1 mRNA in miR168-AGO10-dependent manner, and (c) increased miR168 
accumulation in response too elevated AGO1 levels (Mallory and Vaucheret, 
2010). Homeostatic AGO1 control also entails production of specific 22 nt miR168 
isoforms that upon cleavage of the AGO1 mRNA, instigate production of RDR6-
dependent secondary siRNAs to further strengthen AGO1 downregulation. This 
secondary siRNA production, initiated on target 3’-cleavage products, can be 
triggered by other 22 nt isoforms from other miRNAs that are normally processed 
by DCL1 as cognate 21 nt species.  
 
AGO10 (also known as ZWILLE or PINHEAD), the closest AGO1 homolog in 
Arabidopsis, regulates shoot apical meristem development by specifically binding 
members of the MIR165/166 family. These miRNAs also associate with AGO1 to 
supress class-III homeodomain-leucine-zipper (HD-ZIP-III) transcription factors 
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required for shoot apical meristem establishment (Mallory et al, 2009). AGO1 
accumulates ubiquitously in all plant tissues; AGO10 is expressed moderately in 
the shoot apical meristem, in only the adaxial domains of leaf primordial, and at 
higher levels in vascular precursors. A current model proposes that AGO10 
competes with AGO1 for miR165/166 to protect HD-ZIP-III transcripts from 
repression in the shoot apical meristem and leaf adaxial domains. AGO10 also 
mediates TR of several endogenous miRNA target genes, including AGO1 (Mallory 
et al, 2009). Laser-capture microdissection identified significant AGO5 expression 
in and/or around developing megaspores during the transition to 
megagametogenesis. In male gametophytes, AGO5 localises preferentially in the 
sperm cell cytoplasm of mature pollen, where, given its analogy to AGO1, it may 
direct miRNA- and siRNA-mediated functions required for male gametophyte 
development or cell type specification (Tucker et al, 2012). 
 
The AGO2, -3, and -7 clade  
Although it belongs to a different clade, AGO2 displays both additive and 
overlapping activity with AGO1. For instance, AGO1 and AGO2 redundantly 
regulate the plantacyanin mRNA via miR408, and both proteins are required for 
siRNA-mediated silencing of transcribed, nonconserved intergenic regions, 
pseudogenes, and evolutionary young transposons in Arabidopsis (Maunoury and 
Vaucheret, 2011). Recent studies also implicate AGO2 in defence against a broad 
range of viruses. Like AGO1, AGO2 is induced and loaded with DCL4- and DCL2-
dependent viRNAs in virus-infected plants. Also like hypomorphic ago1 mutants, 
ago2 plants are hypersusceptible to viruses; a phenotype enhanced in ago1 ago2 
double mutants, indicating the additive and nonoverlapping effects of these 
proteins. Loss of AGO2 function was also sufficient to allow systemic infection of 
viruses not normally hosted by Arabidopsis, whereas AGO1 had no effect on this 
host-range determination (Pumplin and Voinnet, 2013). AGO2 levels are 
regulated by miR403 in an AGO1-dependent manner (Allen et al, 2005). This 
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regulatory network may allow AGO2 to take over antiviral defence when AGO1 
levels are themselves dampened by viral silencing suppressors.  
 
AGO7 (also known as ZIPPY), is associated almost exclusively with miR390 
via mechanisms that require the integrity of the 5’-terminal adenosine and the 
central region of the miR390:miR390* duplex. MiR390-bound AGO7 triggers 
biogenesis of TAS3 family tasiRNAs, which regulate AUXIN-RESPONSE FACTOR 3 
(ARF3) and ARF4 (Axtell et al, 2006, Montgomery et al, 2008) to ensure proper 
juvenile-to-adult phase transition and adaxial-abaxial patterning. No biological 
role has been ascribed to AGO3 thus far.   
 
The AGO4, -6, -8, and -9 clade 
AGO4, -6, and -9 bind DCL3-dependent 24 nt siRNAs displaying a 5’-
terminal adenosine bias (Mi et al, 2008). AGO4 is the major effector of RdDM and 
TGS of transposons and repeats. AGO4-mediated slicing is required for DNA 
methylation at some loci and dispensable at others (Qi et al, 2006). In addition, 
AGO4 loads functionally with rare DCL3-dependent 24 nt miRNAs to direct 
sequence-specific DNA methylation at the MIRNA loci of origin and may also 
functionally substitute AGO1 and -7 in tasiRNA biogenesis initiated by miR172 
and miR390, respectively (Montgomery et al, 2008, Qi et al, 2006). AGO4, like 
AGO1, is widely expressed in most Arabidopsis tissues and associates with DCL3, 
24 nt siRNAs and RDR2 into nuclear Cajal bodies (Li et al, 2006, Pontes et al, 2006).   
 
The AGO2-miR168-AGO1-miR403 Loop 
An interesting AGO2-miR168-AGO1-miR403 loop has been identified in 
Arabidopsis. It was found that AGO2 has the ability to bind with miR168 (Zhu et al, 
2011), while miR403 was found in the database of AGO1 associated small RNAs 
[NCBI: GSE22252]; furthermore, both ago1 and ago2 were considered to play 
crucial roles in virus defence (Harvey et al, 2011; Morel et al, 2002; Diermann et 
al, 2010). These observations suggest that AGO1 and AGO2 might cooperate with 
miR168 and miR403 during virus infection. Loss-of-function of AGO2 did not show 
obvious defects in development (Harvey et al, 2011), demonstrating that AGO2 
and miR403 might act in assistance to AGO1. It has also been suggested that the 
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overexpression of AGO1 would increase the risk of PTGS in endogenous genes. So 
the expression of AGO1 should be controlled under a self-check regulator 
(miR168) to maintain the perfect expression level of AGO1. But viruses have 
developed a series of molecules to crack this system for example, polerovirus F-
box protein P0 degraded AGO1, P21 bound to miRNA/miRNA* and siRNA duplex 
to inhibit formation of active RISC and P19 had ability to increase level of the 
endogenous miR168 level to inhibit translational capacity of AGO1 mRNA 
(Bortolamiol et al, 2007; Chapman et al, 2004; Varallyay et al, 2010). Thus AGO2 
could be considered as a secondary defence layer of plants, in case that virus 
cracked the first defence layer components AGO1. The relationship between 
miRNAs and AGO proteins is very complicated. MiRNAs can direct AGO proteins 
to repress the expression of target genes (Mi et al, 2008) and AGO proteins can 
stabilise the expression of miR168 and miR403 (Vaucheret et al, 2006), but 
miR168 and miR403 can reduce the protein levels of AGO1 and AGO2. This means 
that the increase of miR168 or miR403 would down-regulate AGO1 or AGO2, but 
reduction of AGO1 or AGO2 might decrease the expression of miR168 or miR403, 
which finally reduces increase of miR168 or miR403. This AGO2-miR168-AGO1-
miR403 loop is vulnerable and tends to lose balance, so even slight change of any 
element in this loop would be amplified constantly. It is believed that 
transcriptional regulation of AGO1 and AGO2 by miR168 and miR403 and 
unknown regulatory factors help to keep the balance of this loop.  
 
Transcription gene silencing pathway (TGS) 
TGS occurs in the nucleus and functions to initiate and maintain the 
heterochromatic state of certain DNA regions. Transcripts, which are probably 
considered aberrant, are produced from heterochromatin or DNA repeats by RNA 
polymerase IV (Pol IV) in a process that is sometimes preceded by the function of 
Pol II. These transcripts are transcribed by RDR2 into dsRNA, which are diced by 
DCL3 into 24 nt long RNA duplexes with 2 nt 3’-overhangs. After methylation of 
the 2’-OH group by the dsRNA methyltransferase HEN1, the passenger strand is 
discarded/degraded while the guide strand binds to AGO4 or sometimes AGO6 or 
AGO9 depending on the loci and tissue (Zilberman et al, 2003; Zheng et al, 2007; 
Havecker et al, 2010). It then forms together with scaffold transcripts made by Pol 
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V (Wierzbicki et al, 2008), chromoproteins, histone H3K9 methylases (KYP) and 
DNA-methylating enzymes (Domain rearranged methylases [DRM2, DRM1] and 
Chromomethylase [CMT3]) a RNA-induced transcriptional silencing (RITS) 
complex involved in maintenance of histone- and DNA cytosine methylation 
(Matzke et al, 2009). 
 
Recently, long-miRNAs (lmiRNAs), 24 nt in length, were identified in 
Arabidopsis and then in rice and were shown to be produced from pri-miRNAs 
from exactly the same position as canonical miRNAs, but by the action of DCL3 
(Vazquez et al., 2008; Wu et al., 2010). Although the involvement of RDR2 and 
PollV remains to be explained and the implication of the other proteins of the TGS 
pathway to be tested, two recent studies show that long miRNAs trigger the 
methylation of their targets and in some cases of their own genes (Wu et al., 2010; 
Chellappan et al., 2010). The role of long-miRNAs is still elusive but given their 
strong expression in inflorescence tissues, one can speculate they act to silence 
MIR genes in meristematic cells and reproductive tissues. 
 
Post-transcriptional gene silencing (PTGS) 
Three major silencing pathways are used to control host genes involved in 
various functions such as development and stress responses, the miRNA pathway, 
the tasiRNA pathway and the nat-siRNA pathway. 
 
MicroRNAs (miRNAs)  
MiRNAs are small endogenous non-coding regulatory RNA sequences that 
have key roles in regulation of gene expression in most of the eukaryotic cells. In 
plants, miRNAs regulate gene expression at both transcriptional and post-
transcriptional levels (Reinhart et al., 2002; Chapman et al., 2004; Ramachandran 
and Chen, 2008; Grant-Downton et al., 2009) and are involved in a number of 
physiological processes, such as growth, development and both biotic and abiotic 
stress responses (Mathieu et al, 2009; Wang et al, 2010; Grigorova et al, 2011; 
Thiebaut et al, 2012; Wu et al, 2013). It has been reported that the majority of 
miRNA sequences are deeply conserved and have near-perfect complementarities 
with their specific messenger RNA (mRNA) targets (Reinhart et al, 2002). Most 
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plant miRNAs are ~21 nt long and require DCL1 for their biogenesis and AGO1 
their function. Many belong to multigene families that are sometimes conserved 
over long evolutionary distances (Cuperus et al, 2011, Rogers and Chen, 2013). 
Plant miRNAs often have narrow sets of target transcripts encoding transcription 
factors; stress-response proteins; or factors controlling cell identity, development, 
and growth. 
 
MiRNAs originate from ssRNAs transcribed from MIRNA loci. MIR genes are 
usually transcribed by RNA polymerase II (Pol II), and form an imperfect fold-back 
structure known as primary miRNAs (pri-miRNAs) (Griffiths-Jones et al, 2008; 
Kim et al, 2011, Wang et al, 2013). Plant MIRNA loci are rarely nested within 
protein-coding genes. TATA boxes and cis-regulatory motifs are overrepresented 
in plant miRNA promoters, allowing their spatiotemporal or stress-responsive 
regulation by trans-acting factors and differential accumulation of individual 
miRNA isoforms. Pol II synthesizes pri-miRNAs from specific-non-protein coding 
MIR genes. Pri-miRNAs have typical Pol II cap structures at their 5’ end and 
poly(A) tails at their 3’ end, and often contain introns (Jones-Rhoades et al., 2006) 
(this is similar to protein coding transcripts). Due to their intermolecular 
sequence complementarity, pri-miRNAs adopt a fold-back stem-loop structure 
and thus miRNA biogenesis does not require an RDR. The pri-miRNA is processed 
into mature miRNA by Dicer-like 1 (DCL1) in Arabidopsis (Kurihara and Watanabe 
et al., 2004; Park et al., 2002; Reinhart et al., 2002). Accurate maturation and 
processing of pri-miRNA requires the additional activity of several proteins, 
including the Cap-binding protein 20 (CBP20) and CBP80/ABH1 (Gregory et al., 
2008; Kim et al., 2008; Laubinger et al., 2008), the zinc finger protein Serrate (SE) 
(Lobbes et al., 2006; Yang et al., 2006), the dsRNA-binding protein/hyponastic 
leaves 1 (DRB1/HYL1) (Han et al., 2004; Vazquez et al., 2004), the forkhead-
associated (FHA) domain containing protein Dawdle (DDL) (Yu et al., 2008), the 
Tough protein (TGH) (Ren et al., 2012, the proline-rich protein Sickle (SIC) (Zhan 
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et al., 2012) and the RNA binding protein Modifier of SNC1 2 (MOS2) (Wu et al., 
2013). 
 
The stem-loop structure contained within pri-miRNAs defines the pre-
miRNA. Pre-miRNA processing is mediated by DCL1 assisted by the dsRNA-
binding (DRB) proteins HYPONASTIC LEAVES 1 (HYL1) and SE (Laubinger et al, 
2008; Vazquez et al, 2004), which in vitro binds the dsRNA section and 
ssRNA/dsRNA junctions of pri-miRNAs, respectively. The second dsRBD of HYL1 
specifically associates with the DCL1 DUF283 domain, whereas both the N-
terminal and zinc-finger domains of SE are required for DCL1-SE interaction. 
HYL1, SE and DCL1 congregate with pri-miRNA in dicing bodies. HYL1 and SE 
improve the efficiency and precision of DCL1-mediated cleavage (Dong et al, 2008, 
Laubinger et al, 2008, Vazquez et al, 2004). The RNA-binding proteins TOUGH 
(TGH) and MODIFIER OF SNC1 2 (MOS2) both effectively bind pri-miRNAs. TGH 
associates with DCL1, HYL1 and SE in the dicing bodies and MOS2 is uniformly 
nuclear. TGH appears to be integral to the complex modulating DCL1 activity, 
whereas MOS2 might, as an external cofactor, facilitate the recruitment of pri-
miRNAs by this complex (Ren et al, 2012 and Wu et al, 2013). The forkhead-
associated-domain protein DAWDLE (DDL) also binds pri-miRNAs (Yu et al, 
2010). DDL interacts with DCL1 through a protein segment likely phosphorylated 
in vivo and might thereby promote the access to, or recognition of, pri-miRNAs by 
DCL1. Without DDL, the portion of pri-miRNA not properly channelled to DCL1 is 
probably degraded (Machida and Yuan, 2013). Ribosomal protein RECEPTOR FOR 
ACTIVATED KINASE 1 (RACK1), a direct and specific interactor of SE, localises in 
nuclear dicing bodies to modulate processing and transcription/stability of only 
some pri-miRNAs. C-TERMINAL DOMAIN PHOSPHATE-LIKE 1 (CPL1) is another 
direct interactor of SE. A model was proposed in which its interaction with SE 
recruits CPL1 to the DCL1 complex, where it might license HYL1 activity via 
dephosphorylation (Manavella et al, 2012).  Once the pre-miRNA is stabilised in 
the dicing bodies DCL1 generates the mature miRNA/MIRNA* duplex. Structural 
determinants at least two staggered cleavage sites within the pre-miRNA stem, 
separated by approximately 21 nt, which releases the miRNA and its opposing 
fragment (miRNA*). Of key importance is the first cleavage position, which 
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determines the mature miRNA sequence and therefore its target specificity. The 
second cut usually proceeds at a fixed distance from the end of the precursor. 
 
Upon miRNA/miRNA* release, the 3’ ends of both strands are 2’-O-
methylated by the RNA methyltransferase Hua Enhancer 1 (HEN1) (Kankel et al, 
2003; Kasschau et al, 2007; Kasschau et al, 2003) and then exported to the 
cytoplasm by the exportin-5 homologue HASTY (HST) (Katiyar-Agarwal et al, 
2006). Loss of HEN1 function incurs 3’-to-5’ exonucleolysis (truncation) as well as 
tailing by HESO1, which adds 3’-oligouridylate tails to unmethylated miRNAs, 
leading to their degradation via mechanisms genetically distinct from those 
mediating truncation (Ren et al, 2012; Yu et al, 2005; Zhai et al, 2013, Zhao et al, 
2012). Truncation and tailing both require AGO1 but not its slicing activity, and 
HESO1 colocalises with AGO1, suggesting that 3’modification of unmethylated 
miRNAs occur after AGO1 loading. Normal miRNA turnover in wild-type plants 
involves a family of SMALL RNA DEGRADING NUCLEASE (SDN) proteins with 3’-
5’ exoribonuclease activity capable of degrading 2’-O-methylated ssRNA 
(Ramachandran and Chen, 2008). 
 
One strand of the miRNA duplex is subsequently incorporated into an RNA-
induced silencing complex (RISC), which contains at least, an AGO protein. Plant 
miRNAs promote the cleavage of their target RNA, to which they bind perfectly or 
near-perfectly, by employing mostly AGO1 as the RNA slicer. Therefore, cleavage 
is assumed as the common approach for miRNA-mediated gene regulation in 
plants (Kim et al, 2011; Kumakura et al, 2009; Kurihara et al, 2004). However, in 
addition to regulating RNA degradation, miRNAs sometimes direct DNA 
methylation (Kwak and Tomari et al, 2012) or inhibit translation (Lau et al, 2012; 
Laubinger et al, 2008; Law et al, 2010; Law et al, 2013; Law et al, 2010; Li et al, 
2006). As mentioned, most miRNAs associate the AGO1. However, specific 
associations with AGO2 (miR408, miR393*), AGO7 (miR390) and AGO 10 
(miR165/miR166) have been reported.  
 
Guide-strand selection in plant miRNA/miRNA* duplexes is directed in 
part by the lower thermodynamic stability of the guide strand 5’ end relative to 
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that of the miRNA*. HYL1 and CPL1 also facilitate this process (Eamens et al, 2009; 
Manavella et al, 2012). Upon guide strand selection, the miRNA* is generally 
degraded, although some miRNA* might be stabilised and functional, including 
under stress conditions and upon their loading into AGO2 (Devers et al, 2011). 
AGO-miRNA complexes recognise target mRNAs via base complementarity and 
most plant miRNAs display extended target complementarity. 5’-RACE (rapid 
amplification of cDNA ends) and degradome analysis show that decreased target 
levels resulting from plant miRNA action correlates qualitatively with AGO-
mediated slicing between paired positions 10-11. The cytoplasmic exosome and 
5’-3’ exoribonuclease XRN4 degrade the 5’- and 3’-cleavage products, respectively 
(German, 2008). Despite extended complementarity in most plant miRNA:target 
pairs, a fraction of AGO-targeted transcripts evade slicing and instead undergo 
protein-level repression (Brodersen et al, 2008; Brodersen et al, 2012).  
 
Endogenous Inverted repeat-derived small interfering RNAs 
Discrete loci scattered in plant genomes are configured as IRs that produce 
extensively base-paired RNA hairpins of variable lengths. Endogenous hairpins 
significantly longer than typical pre-miRNAs often generate endogenous siRNAs 
(Dunoyer et al, 2010; Dunoyer et al, 2007; Kasschau et al, 2007). A detailed study 
in Arabidopsis showed that all IRs generated active, HEN1-methylated siRNAs 
upon their coprocessing by DCL4/2 (21-22 nt siRNAs) and DCL3 (24 nt siRNAs). 
DCL1 also stimulated siRNA accumulation indirectly by facilitating separation of 
the dsRNA stem from the single-stranded section of IR transcripts, as in pri- to 
pre-miRNA maturation. IR-derived siRNA production required none of the factors 
involved in RDR-mediated dsRNA synthesis in the PTGS or TGS pathway, 
consistent with the intramolecular base pairing of IRs. 
 
EndoIR-siRNAs derive from single-stranded hairpin precursors that are 
transcribed from different loci found throughout the Arabidopsis genome. These 
inverted repeats differ from MIR genes in terms of hairpin structure and size. 
Endogenous hairpins are much larger than typical miRNAs precursors and do not 
fit the criteria for annotation of miRNAs. Like pri-miRNA, EndoIR-siRNA 
precursors fold back to form molecules with perfect or near-perfect 
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complementarity, which likely makes them suitable substrates of DCL2, DCL3 and 
DCL4 instead of DCL1 (Dunoyer et al, 2010). Two such inverted-repeat derived 
hairpins, IR71 and IR2039, produce 21, 22 and 24 nt through the action of DCL4, 
DCL2 and DCL3, respectively (Dunoyer et al, 2010). Interestingly, all size classes 
of small RNAs produced from IR71 locus move within the plant throughout the 
vascular tissues. The 24 nt endoIR-siRNAs trigger cognate-specific de novo 
methylation at distance (Dunoyer et al, 2010). This data suggests that, unlike MIR 
genes, endogenous inverted repeats loci have the potential to trigger local and 
systemic RNA silencing (Dunoyer et al, 2010). EndoIR-siRNAs function is still 
unknown but it has been proposed that they could be used in adaption to the 
environment and also in trans-generational memory (Dunoyer et al., 2010). The 
actual response of EndoIR-siRNAs to environmental factors and contribution to 
stress-adaption is yet to be demonstrated and more evidence needs to be 
generated to establish whether these features are typical of a larger class of 
endogenous inverted-repeat-derived hairpin RNAs and whether they are shared 
by the potentially numerous shorter-hairpin RNAs.  
 
TasiRNA Pathway 
TAS RNAs are transcribed from specific genes, namely TAS genes. Three 
families of these genes are known, the TAS1/2 family made of four members, the 
TAS 3 family made of three members and TAS 4 family made of a single member 
(Vazquez et al, 2004; Allen et al, 2005; Peragine et al, 2004; Axtell et al, 2006; 
Howell et al, 2007). TAS RNAs are originally capped and polyadenylated but 
become processed by DCL4 to generate secondary siRNAs, termed tasiRNAs, upon 
cleavage guided by specific miRNAs (Vazquez et al, 2004; Allen et al, 2005; 
Peragine et al, 2004, Gasciolli et al, 2005; Xie et al, 2005; Montgomery et al, 2008; 
Hsieh et al, 2009). These miR:AGO complexes are thought to recruit SGS3, which 
binds dsRNA with 5’-overhang (Elkashef et al, 2009; Fukunaga et al, 2009) and 
RDR6 to convert TAS RNAs to double-strand form. It is shown that the secondary 
function of AGO1 depends on a 22 nt miRNA, which can be generated from bulged 
precursors in contrast to 21 nt one (Cuperus et al, 2010; Chen et al, 2010). It is 
speculated that the larger miRNA size leads to conformational change of AGO1, 
enabling it to fulfil this recruiting function (Schwab et al, 2010). For TAS3 as an 
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alternative, a very specific AGO protein, AGO7 and targeting at two distant sites 
are required. The upper site is not sliced in contrast to the lower one, but from 
there the AGO7:miR390 complex serves to engage RDR6 (Montgomery et al., 
2008; Allen et al., 2005). The TAS RNA duplexes are diced by DCL4 and its cofactor 
DRB4 in phase into 21 nt, and at specific minor sites 22 nt siRNAs (Montgomery 
et al., 2009; Hiraguri et al., 2005; Adenot et al, 2006; Nakazawa et al, 2007). 
TasiRNAs are known to trigger themselves a cascade of siRNA biogenesis able to 
regulate several members of the same gene family (Chen et al, 2007). 
 
TasiRNAs generated from TAS1 and TAS2 mainly regulate the expression 
of pentatricopepetide mRNAs, those from TAS3 control auxin-response factor 
mRNAs to regulate abaxial-adaxial leaf polarity and phase change, and those from 
TAS4 regulate MYB transcription factor mRNAs to regulate anthocyanin 
biosynthesis in response to stress (Hsieh et al, 2009; Adenot et al, 2006; Chen et 
al, 2007; Garcia et al, 2006; Marin et al, 2010; Fahlgren et al, 2006; Luo et al, 2011).  
 
NAT-siRNA Pathway 
Nat-siRNAs are produced from overlapping dsRNA regions formed by 
natural antisense transcripts (NAT) and they define two classes: cis-nat-siRNAs, 
which arise from transcripts produced from the same genomic locus, and trans-
nat-siRNAs, which arise from transcripts produced from physically distant 
genomic loci. Cis-nat-siRNAs are formed under specific stress or developmental 
conditions (Borsani et al, 2005; Katiyar-Agarwal et al, 2007; Katiyar-Agarwal et al, 
2006; Wang et al, 2006; Zhou et al, 2009). Typically, one gene of the NAT pair is 
always expressed while the second one in induced (Borsani et al, 2005, Katiyar-
Agarwal et al, 2006). The long dsRNA region formed by the pairing of the two 
transcripts is then processed into a single siRNA. The DCLs involved in the 
biogenesis of each of the nat-siRNA studied so far in Arabidopsis are different. The 
founding nat-siRNA gene pair yields a DCL2-dependent 24-nt siRNA important for 
tolerance to salt stress; the second one yields a DCL1-dependent 22-nt siRNA with 
a role in resistance to P.syringae; and the third one yields DCL1-DCL4-dependent 
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39-41 nt siRNAs, called long-siRNAs, important for resistance to bacterial 
pathogen (Borsani et al. 2005, Katiyar-Agarwal et al, 2006).   
 
Plant viruses and the sRNAome  
Antiviral silencing host factors 
One of the first discovered and well-studied functions of RNA silencing is 
the host defence against invading viruses (Baulcombe, 2004). The hallmark of its 
adaptive antiviral function is the accumulation of virus-derived siRNAs (vsRNAs) 
at high levels during viral infection (Ruiz-Ferrer and Voinnet, 2009; Hamilton and 
Baulcombe, 1999; Molnar et al, 2005; Szittya et al, 2010; Pantaleo et al, 2007; 
Donaire et al, 2009; Qu, 2010). VsRNAs were found to be associated with AGO1, 
the slicer component of the plant RNA-induced silencing complex (RISC) effecter 
(Zhang et al, 2006; Csorba et al, 2010). As a counter defensive strategy, many plant 
viruses have viral suppressors of RNA silencing (VSRs) to counteract antiviral 
silencing (Ding and Voinnet, 2007; Voinnet et al, 1999; Burgyan, 2008), providing 
strong evidence for the antiviral nature of RNA silencing. In addition, the lack or 
inactivation of VSRs leads to the recovery of plants from viral infections, 
demonstrating the efficient antiviral response of the plant (Baulcombe, 2004, 
Ratcliff et al, 1997; Szittya et al, 2002). 
 
Mechanism of silencing-based antiviral plant response  
The pathway of antiviral silencing can be divided into three major steps: 
(1) Sensing and processing viral RNAs to viral vsRNAs. 
(2) Amplifying vsRNAs. 
(3) Assembling antiviral RISC and targeting viral RNAs. 
The silencing-based antiviral plant response starts with the recognition of ds or 
structured single-stranded (ss) viral RNA by one or more members of plant Dicers 
(Mlotshwa et al., 2008; Aliyari and Ding, 2009). Dicers then process the recognised 
viral RNAs into vsRNAs (Ding and Voinnet, 2007; Ruiz-Ferrer and Voinnet, 2009; 
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Mlotshwa et al, 2008; Molnar et al, 2005; Qu et al, 2010; Wang et al, 2010; Cuperus 
et al, 2010). 
 
In plants, two distinct classes of vsRNAs have been identified: primary 
siRNAs, which result from the DCL-mediated cleavage of an initial trigger RNA, 
and secondary siRNAs, which requires an RDR enzyme for their biogenesis (Ruiz-
Ferrer and Voinnet, 2009; Donaire et al, 2008; Qu, 2010; Wang et al, 2010; 
Wassenegger and Krezal, 2006; Vaistji and Jones, 2009; Garcia-Ruiz et al., 2010). 
In the Arabidopsis model plant, DCL4 and DCL2 are the most important DCLs 
involved in virus-induced RNA silencing and they can process ds or hairpin viral 
RNAs into vsRNAs of 21 and 22 nt, respectively (Ruiz-Ferrer and Voinnet, 2009; 
Wang et al., 2010; Deleris et al., 2006; Fusaro et al., 2006). The amplification and 
high level of vsRNA accumulation in many but not all virus infections depend on 
the combined activity of the host-encoded RDRs such as RDR1, RDR2 and RD6. 
Aberrant viral ssRNAs lacking quality control marks are converted by RDR 
enzymes to dsRNAs, which serve as a substrate for secondary vsRNA production 
(Garcia-Ruiz et al, 2010, Diaz-Pendon et al, 2007, Bao et al, 2009). The generated 
vsRNAs are loaded into distinct AGO-containing effector complexes to guide them 
to their RNA target molecules (Ding and Voinnet, 2007; Vaucheret, 2008; 
Hutvagner and Simard, 2008). In plants, the loading of siRNAs into a particular 
AGO complex is preferentially, but not exclusively, dictated by their 5’ terminal 
nucleotides (Mi et al, 2008). It has been shown that both AGO1 and AGO7 function 
to ensure the efficient clearance of viral RNAs, and that AGO7 seems to work as a 
surrogate slicer in the absence of AGO1 (Qu et al, 2008). Moreover, it is probable 
that AGO1 is capable of targeting viral RNAs with more compact structures, 
whereas AGO7 favours less structured RNA targets (Qu et al, 2008).  
 
Structure and Function of virus-derived siRNAs (vsRNAs) 
The precursor for the stimulation of the RNA silencing machinery against 
plant viruses is the viral dsRNA, which is cleaved by Dicer to initiate RNA silencing 
process. There could be three diverse sources of dsRNA: (1) primary siRNA that is 
generated as an intermediate in genome replication of RNA viruses by the activity 
of virus-encoded RNA polymerases, or bi-directional transcription (DNA viruses) 
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or by convergent transcription; (2) structure associated siRNA, which are 
produced from the transcripts of viral genome having imperfectly based paired 
secondary structure; and (3) secondary siRNAs which arise from the ssRNA by the 
action of RDR gene family of hosts (Ahlquist 2006). The dsRNA molecules are 
formed as an intermediate during RNA virus replication, so they were assumed as 
a primary vsRNA to trigger silencing (Ahlquist, 2002). Secondary vsRNA 
production requires DCL processing coupled with RDR-mediated synthesis of 
longer complementary viral RNA. 
 
The most abundant viral primary siRNAs are 24 nt followed by 21 and 22 
nt (Chen, 2009). In this major event, three DCL proteins manage the viral siRNA 
production process. During the viral infection, DCL4 and DCL2 cleave the dsRNA 
into 21 nt siRNA, in contrast, DCL3 produces 24 nt viral siRNA which alone can 
confer viral resistance. The viral primary siRNAs produced are further 
incorporated in the AGO-containing RISC complex. These AGO proteins can cleave 
the target viral mRNA or can mediate translation repression or can cause 
transcriptional silencing. Out of the 10 AGO proteins in Arabidopsis thaliana, AGO1 
and AGO7 have a role in viral resistance (Qu et al, 2008). Additionally, in infected 
cells, AGO2 and AGO5 have also been reported to bind the viral siRNA (Takeda et 
al, 2008). Contrastingly, AGO4 and AGO6 along with DCL3 and 24 nt viral siRNA 
are responsible for methylation of cytosine and histones of target DNA (Raja et al, 
2008). The antiviral immunity involves the production of secondary viral siRNAs, 
which are responsible for the amplification of the efficacy of RNAi and they 
represent vast majority of small RNA. It requires RDR1, RDR2 and RDR6, which 
generate new viral dsRNA (where viral primary siRNA is the primer, and template 
is targeting viral mRNA). These RDR1/RDR6 processed dsRNA are the target for 
DCL which convert them into viral secondary siRNA, hence amplifying the viral 
resistance (Wang et al, 2010). During the characterisation of geminivirus-derived 
small RNAs, it was evidenced that 24 nt and a significant portion of the 22 nt viral 
siRNAs were produced by the Dicer-like proteins DCL3 and DCL2, respectively. 
Thus, dsRNA is processed by Dicer to generate vsRNA of aforementioned sizes. 
With help of NGS, it was predicted that the hot spots for generation of primary 
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virus-derived siRNA are the regions of viral genome that can fold into hairpin-like 
structures and can also act as substrate for Dicer.  
 
Nature of siRNA directs the Defence 
  Size and population counts of siRNAs govern their specific role during 
plant-virus interactions. Generally, 21 and 22 nt vsRNAs are involved in PTGS 
while 24 nt vsRNAs are usually associated with DNA virus genome or associated 
histone methylation (Axtell, 2013).  Geminiviruses, including the bipartite 
begomoviruses, are the frequent targets of RNA silencing. VsRNAs associated with 
Cabbage leaf curl virus and African cassava mosaic virus were elevated and 
characterised. In these studies, 21, 22 and 24 nt vsRNAs were detected from 
intergenic and coding regions of both of these geminiviruses genomes 
(Akbergenov et al, 2006). In a separate study in tomato, it was reported that a 
higher accumulation of 21 and 24 nt siRNAs corresponding to replication-
associated proteins gene (Rep) region of the geminivirus, Tomato leaf curl New 
Delhi virus (ToLCNDV), confers tolerance against the virus (Sahu et al, 2010; Sahu 
et al, 2012). The 24 nt sized vsRNAs were associated with hypermethylation of the 
Rep (AC1) ORF (Sahu et al. 2014). Varied size siRNAs (24-26 nt and 26-28 nt) were 
derived from Cucurbit leaf crumple virus (CuLCrV) genome in both symptomatic 
and recovered leaves of watermelon plants (Hagen et al, 2008). Conflicting results 
in terms of vsRNA population counts in susceptible and resistant/tolerant plant 
tissues are reported in the literature.  Arabidopsis, which is highly susceptible to 
CaLCuV, accumulated high counts of vsRNAs (Aregger et al, 2012). For example, 
in symptomatic watermelon tissues, the levels of the CuLCrV-derived siRNAs were 
found to be higher in comparison with the recovered tissues. Interestingly, the 
abundance of CuLCrV-derived small RNA was negatively correlated with recovery. 
This was dissimilar with the outcomes of earlier studies in several plant species, 
demonstrating that the higher level of small RNAs was negatively correlated with 
virus accumulation during recovery from begomovirus infection (Yadav and 
Chattopadhyay, 2011, Chellappan et al, 2004, Sahu et al, 2010; Sahu et al, 2012). 
Further they have proposed that the significant reduction in CuLCrV accumulation 
during recovery was due to decrease in viral-associated RNAs via RISC-mediated 
RNA degradation, which in turn reduces the levels of viral proteins, leading to a 
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reduction in viral replication. Thus, in recovered tissues, as the level of the viral-
derived RNAs decreases, the CuLCrV-corresponding small RNAs are also 
simultaneously reduced. Another examination of recovery in pepper from 
infection of Pepper golden mosaic virus (PepGMV) also supported the findings as 
observed in case of the CuLCrV infection (Carrillo-Tripp et al, 2007). These 
contrasting results suggest a host-mediated, time-dependent action of recovery or 
resistance that may vary between plant species/cultivars and different virus 
interactions.      
 
siRNA-mediated DNA Methylation  
siRNA-mediated DNA methylation recently came into the limelight as a 
major defence pathway against various plant viruses. Several evidences have 
supported the hypothesis of siRNA-mediated methylation as one of the defence 
strategies against viruses. In such a study, it was shown that DNA viruses, Tomato 
golden mosaic virus (TGMV) and ACMV, exhibited altered replication when their 
DNA was methylated prior to transfection, exhibiting the role of siRNA-mediated 
methylation. Simultaneously, it was demonstrated that specific-sized siRNAs were 
produced against the two nuclear DNA viruses (geminivirus CaLCuV and 
pararetrovirus CaMV) and a cytoplasmic RNA tobamovirus involving all the four 
Dicers (Blevins et al., 2006). There is a considerable body of evidence that 
demonstrates that plants methylate geminivirus chromatin as an epigenetic 
defence. Early studies indicated that in vitro methylation of geminivirus DNA 
greatly impaired replication and transcription in protoplasts (Brough et al, 1992; 
Ermak et al, 1993).  More recently, it has been shown that methylation-deficient 
Arabidopsis mutants are hypersusceptible to geminiviruses and that components 
for the RdDM pathway, e.g. AGO4, are necessary for host recovery from infection 
(Buchmann et al, 2009). AGO4 specifically plays a role in the production of siRNA 
that are 24nt long. In addition, geminivirus DNA and associated histones are 
methylated in infected plants, and viral DNA methylation is reduced in mutants 
that display enhanced disease. By contrast, the small amount of viral DNA present 
in recovered tissue is hypermethylated (Raja et al, 2008). These studies clearly 
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demonstrate that methylation, and likely TGS, acts as a defence against DNA 
viruses. 
 
Actions of viral suppressors of RNA silencing  
Plant viruses are efficient pathogens, which are able to infect and invade 
distinct plant species. They often cause severe symptoms and damage, which 
suggests an efficient counter defence strategy against the antiviral silencing 
response. The most common way to protect viral genome against RNA-silencing 
mediated inactivation is to encode proteins that act as suppressors of RNA 
silencing (viral suppressors of RNA silencing, VSRs). Many VSRs have been 
identified since the discovery of the first VSR more than a decade ago 
(Anadalakshmi et al, 1998; Brigneti et al, 1998; Kasschau and Carrington, 1998). 
The fact that most viruses have evolved VSRs underlines the antiviral nature of 
RNA silencing and reveals a pathogen counter defensive strategy with the active 
suppression of host surveillance (Ding and Voinnet, 2007; Voinnet et al, 1999; 
Silhavy and Burgyan, 2004). The VSRs are considered the outcome of recent 
evolutionary processes and they are surprisingly diverse within and across 
kingdoms, with no obvious sequence homology.  
 
VSRs were shown to block virtually all steps of RNA silencing such as 
Dicing, effector assembly, targeting, amplification, transcriptional regulation of 
endogenous factors that control RNA silencing and its connections with protein-
based immunity and hormone signalling. VSRs regulate the multiple layers of the 
complex defence, counter-defence and counter-counter defence arms race 
between host and pathogen. Although the study of VSRs was at the frontline of 
investigations for more than 10 years, many aspects of VSR’ molecular behaviours 
are still elusive. It is becoming more obvious now that VSRs are not just simply 
blockers of RNA silencing but serve as central hub regulators to dynamically 
integrate connections between antiviral silencing, protein-based immunity, 
hormone signalling, RNA metabolism and subcellular organisations (Pumplin and 
Voinnet, 2013). As most suppressor proteins have parallel functions, the silencing 
function and the non-silencing activities (e.g. coat protein, movement protein, 
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replicase, protease etc.) need to be synchronised in order to fulfil these multiple 
tasks and achieve “optimal” infection.  
 
Driving factors in VSRs’ evolution  
The high diversity in structure and function, the various position of their 
gene-code within the viral genome, the alternative expressional strategies like 
transcriptional read-through, leaky ribosomal scanning, proteolytic maturation 
and being often encoded by out-of-frame ORFs within conserved viral genes 
suggests that VSRs are of recent evolutionary origin (Ding and Voinnet, 2007). 
Therefore, in most cases, the suppressor function of VSRs may have evolved after 
the ancient role as replicase, coat protein, movement protein, protease, 
transcriptional regulator etc. or co-evolved with these to combine within the 
suppressor role and other essential roles important for viral life cycle. The 
different VSRs can inhibit all steps of the antiviral RNA silencing pathway, 
including cell-autonomous and non-cell autonomous aspects of it. Using 
mathematical modelling of dynamics of suppression has been shown that the 
different strategies employed result in slightly different outcomes regarding 
suppression of antiviral silencing. Suppressors targeting effector step are more 
potent at single cell level whereas siRNA binding is more effective at tissue level 
(Groenenboom and Hogeweg, 2012). Besides this however, an important driving 
factor in the suppressors’ evolution was probably the availability of 
ancient/original viral protein activities that could be selected from with a 
minimum number of changes to acquire an additional suppressor features. Many 
viral proteins have RNA binding capacity (like replicase, coat protein, movement 
protein). This may explain why an overwhelming number of suppressors act 
through RNA binding. Silencing functions could have become established in the 
cases when the trade-off between its positive effect on viral life cycle and negative 
effects on host were worth it. The suppressors being too weak or too strong were 
out-selected through evolution.    
 
Blocking initiation of antiviral response  
One strategy used by VSRs is to hinder mounting of antiviral silencing by 
blocking the silencing initiation step. This can be achieved through multiple ways 
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like dicer protein or co-factor activity inhibition, dsRNA/siRNA-sequestration or 
AGO protein destabilisation prior of RISC assembly. A widespread suppressor 
strategy is the ds-siRNA sequestration that is used by several VSRs encoded by 
diverse virus genera (P19, HC-Pro, p15, p130/p126/p122, γβ, NS3, Pns10, NSs 
etc.) (Csorba et al, 2007; Harries et al, 2008; Hemmes et al, 2007; Kubota et al, 
2003; Lakatos et al, 2006; Merai et al, 2005, 2006; Silhavy et al, 2002). Probably 
the most characterized siRNA binder is the tombusviral p19 protein (Silhavy et al, 
2002). Crystallographic studies have shown that p19 head-to-tail homodimer acts 
as a molecular caliper to size-select and sequester siRNA duplexes in a sequence-
independent manner (Silhavy et al, 2002; Vargason et al, 2003). A consequence of 
siRNA binding by VSRs is the blocking of HEN1-dependent methylation of sRNAs 
(Csorba et al, 2007; Lozsa et al, 2008; Vogler et al, 2007), however this also 
depends on the coexpression of sRNA and the suppressor (Lozsa et al, 2008). The 
AC4 component of geminiviruses, which is the least conserved protein, does not 
bind with siRNA or miRNA duplexes, but instead it competes against AGO1 to bind 
with single-stranded RNA and therefore suppresses the formation of siRNA-RISC 
assembly (Chellappan et al., 2004). 
 
Begomovirus AC2 and AC4 
Little is known about the activities of DNA virus silencing suppressors, but 
what is understood so far indicates that they are quite unique. The Baulcombe 
laboratory was the first to demonstrate that the geminivirus AC2 protein could 
reverse established PTGS (Voinnet et al, 1999). This protein was initially 
characterised as a transcription factor that stimulates the expression of virus late 
genes by both activation and depression mechanisms (Sunter and Bisaro, 1992, 
Sunter and Bisaro, 1997; Sunter and Bisaro, 2003; Lacatus and Sunter, 2008). AC2 
has not been shown to bind siRNA or miRNA (Chellappan et al, 2005; Wang et al, 
2005). Rather, AC2 ability to reverse PTGS and inhibit systemic spread requires 
an intact nuclear localisation signal (NLS), the central zinc finger-like domain 
(CCHC) motif, and the transcription activation domain. This suggests that 
silencing suppression requires AC2 to stimulation transcription. More specifically, 
AC2 activates the transcription of cellular genes that negatively regulate silencing 
pathways (Dong et al, 2003; Wezel et al, 2002; Trinks et al, 2005). This mode of 
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silencing suppression is termed transcription-dependent, although interactions 
with the silencing pathway components through the activation domain cannot be 
formally ruled out (Bisaro, 2006). 
 
The hypothesis that AC2 can alter the host transcriptome comes from studies 
showing that geminivirus infection can activate the expression of reporter 
transgenes driven by the viral CP promoter in an AC2-dependent fashion (Hong et 
al, 1997; Sunter and Bisaro, 1997). Transcription profiling following transient 
expression of AC2 in Arabidopsis protoplasts identified several genes whose 
expression was upregulated. One of these genes was Werner exonucleases-like 1 
(WEL1), a homologue of Werner syndrome-like exonucleases (WEX) (Trinks et al, 
2005). Although its role is unclear, WEX is required for PTGS (but not TGS) 
directed against transgenes (Glazov et al, 2003). It has also been proposed that 
WEL1 over-expression might compete for factors needed for WEX function 
(Trinks et al, 2005). Evidence for transcription-independent silencing 
suppression by AC2 and the related C2 protein from the Curtovirus BCTV has also 
been gained (Wang et al, 2005). AC2 and C2 share pathogenic functions, and both 
interact with and inactivate SNF1-related kinase (SnRK1) and adenosine kinase 
(ADK) (Baliji et al, 2007; Hao et al, 2003; Sunter et al, 2001; Wang et al, 2003; 46,). 
The SnRK1 interactions inhibit the cellular stress response, which appears to be a 
component of plant basal defences (Hao et al, 2003).  
 
AC2 and C2 inactivate ADK in vitro and when they are co-expressed with 
ADK in E.coli and yeast. Also, ADK activity is reduced in and AC2/C2-dependent 
manner in geminivirus-infected plant tissue (Wang et al, 2003). A link between 
ADK activity and silencing comes from the observation that ADK is needed to 
maintain the methyl cycle responsible for generating SAM, a methyl donor and 
essential methyltransferase co-factor (Lecoq et al, 2001; Moffatt et al, 2002; 
Weretilnyk et al, 2001). This is likely the reason why ADK-deficient mutant plants 
display silencing defects (Moffatt et al, 2002). A connection between methylation 
and PTGS was established by early observations that post-transcriptional 
silencing is commonly associated with methylation of coding regions of targeted 
genes, and particularly reporter transgenes (Ingelbrecht et al, 1994; Jones et al, 
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1998; Smith et al, 1994). Such methylation can interfere with gene expression 
(Hohn et al, 1996), possibly by promoting the production of aberrant transcripts 
that could serve as substrates for dsRNA synthesis and thereby amplify siRNA 
production. In summary, begomovirus AC2 proteins appear to supress silencing 
by activating the expression of cellular genes and by inhibiting ADK, whereas 
Curtovirus C2 is limited to inhibiting ADK (Bisaro et al, 2006).  
 
The AC4 protein encoded by begomoviruses has also been demonstrated 
to have suppressor activity. The AC4 gene is embedded within AC1, but in a 
different reading frame. AC4 is among the least conserved geminivirus proteins, 
despite the highly conserved nature of AC1. The PTGS suppression activities of 
both AC4 and AC2 from four different cassava-infecting begomoviruses were 
initially examined in transient assays using N. benthamiana leaves (Vanitharani et 
2004). The two AC4 proteins from the viruses that elicit recovery-type symptoms 
(severe disease followed by host recovery), had suppressor activity in the assay.  
The remaining two from non-recovery-type viruses (which elicit disease from 
which host plants do not recover) had little or no activity. Conversely, the AC2 
proteins of non-recovery viruses were effective suppressors, while the AC2 
proteins of recovery-type viruses were not. This study firstly demonstrated that 
geminiviruses could encode more than suppressor.  Secondly it showed that 
similar proteins from different viruses do not necessarily have equivalent 
suppressor activities. Thirdly, it suggested that AC2 and AC4 proteins primarily 
affect different silencing pathways, providing a mechanistic basis for observed 
severe disease synergy sometimes observed in the field. Severe disease can result 
when mixed infections, or recombination, combining AC2 and AC4 suppressors. 
Lastly, the different disease phenotypes induced by this panel of viruses suggests 
that while the counterdefence effects of AC4 are somewhat transient, an effective 
AC2 suppressor is associated with the absence of host recovery (Vanitharani et al, 
2004, Vanitharani et al, 2005). This is consistent with genetic data linking AC2/C2 
function with recovery (Hormuzdi et al, 1995, Raja et al, 2008).  
 
Insight into the AC4 suppression mechanism has been gained from the 
finding that the silencing-active protein associates with single-stranded, but not 
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double-stranded, siRNAs and miRNAs in vitro and in vivo (Chellappan et al, 2005). 
Thus AC4 is the only known protein that is apparently able to suppress PTGS, and 
coincidentally the miRNA pathway, by binding small RNAs in single-stranded 
form. This suggests AC4 acts downstream of small RNA biogenesis and unwinding, 
and implies that RISC loading and unwinding are not necessarily couples in plants. 
Presumably single-stranded small RNAs are accessible at some point between 
these events. Alternatively, small ssRNA may be recycled following release from 
AGO complexes. In any case, before more can be said about the mechanism it will 
be important to carefully define the affinity of AC4 for RNAs of varying structures 
and sizes and to determine whether the protein is able to interfere with RISC 
loading or disrupt previously formed RISC complexes.    
 
Viral suppressors inhibiting viral RNA sensing and dicing 
  Inhibition of viral RNA recognition and the subsequent dicing by plant 
Dicer effectors is not a frequent strategy of known VSRs. Two viral proteins have 
been identified that were shown to inhibit the processing of dsRNA to siRNA in 
agroinfiltration assays. P14 of Pothos latent aureusvirus and P38 of Turnip crinkle 
virus (TCV). In addition, P38 and P14 have been shown to bind dsRNA in a size-
independent way (Merai et al, 2006; Azevedo et al, 2010). P38 has been shown to 
specifically inhibit DCL4 activity, which has been shown to be the primary 
antiviral Dicer in the Arabidopsis model plant (Deleris et al, 2006). Recently, it was 
discovered that the action of the P38 protein occurs through AGO1 binding and 
that it interferes with the AGO1-dependent homeostatic network, which leads to 
the inhibition of Arabidopsis DCLs (Azevedo et al, 2010). In addition to P14 and 
P38, the P6 VSR of the Cauliflower mosaic virus (CaMV) (Love et al, 2007) has been 
shown to interfere with vsRNA processing. A recent discovery showed that one of 
the nuclear functions of P6 is to suppress RNA silencing by interacting with 
dsRNA-binding protein 4, which is required for the functioning of DCL4 (Haas et 
al, 2008). 
 
Viral suppressors preventing RISC assembly  
VSRs are able to prevent RISC assembly by targeting one of its essential 
known or unknown components. The VSRs identified thus far are able to target 
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siRNAs and miRNAs or AGO proteins in different ways. The most common 
suppression strategy, evolved by several viral genera, is ds siRNA sequestration 
(Ding and Voinnet, 2007; Merai et al, 2006; Lakatos et al, 2006; Csorba et al, 2007; 
Csorba et al, 2009; Wu et al, 2010), which prevents the assembly of the RISC 
effector. Importantly, these siRNA-binding VSRs are completely unrelated 
proteins, although they share analogous biochemical properties, suggesting their 
independent evolution in different viruses. The P19 protein of tombusviruses, 
probably the best known VSR thus far, prevents RNA silencing by siRNA 
sequestration through binding dsRNA with a high affinity (Silhavy et al, 2002). 
Crystallographic studies have shown that P19 forms a tail-to-tail homodimer, 
which acts like a molecular calliper, measuring the length of siRNA duplexes and 
binding them in a sequence-independent way, selecting for the 19 bp long dsRNA 
region of the typical siRNA (Vargason et al, 2003; Ye et al, 2003). Thus, the P19 
VSR evolved to bind and inactivate vsRNAs, which are the most conserved key 
elements of the RNA-silencing pathway. Recent findings have also demonstrated 
that P19 inhibits the spread of the ds siRNA duplex identified as the signal of RNA 
silencing (Dunoyer et al., 2010). 
 
Other VSRs, such as the Tomato aspermy cucumovirus 2b protein also bind 
dsRNA in a size-specific manner; however, structural studies have shown that 
their modes of binding siRNAs do not share any similarity with P19 (Chen et al, 
2008; Chao et al, 2005). Two siRNA binding VSRs (HC-Pro and P38) require the 
RAV2 transcription factor for the suppression of RNA silencing, although the 
mechanistic role of this plant cofactor is unclear (Endres et al, 2010). The 2’-O 
methylation step is essential in the biogenesis of miRNAs and siRNAs (Yu et al, 
2005), and the siRNA-binding VSRs (Carnation Italian ringspot virus P19, Tobacco 
etch virus HC-Pro, Tobamovirus P122/P130) also compromise this step by 
preventing si/miRNA RISC assembly (Csorba et al, 2007, Ebhardt et al, 2005; 
Vogler et al, 2007; Lozsa et al, 2008; Yu et al, 2006). It is probable that these siRNA-
binding VSRs have a higher affinity to siRNA and miRNAs than to HEN1 
methyltransferase. However, the inhibition of the methylation step also requires 
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the temporal and spatial coexpression of the suppressor, endogenous or viral 
siRNAs and miRNAs (Lozsa et al, 2008). 
 
The VSR of Potato chlorotic stunt crinivirus (SPCSV) uses a completely 
different strategy to prevent RISC assembly. The SPCSV-encoded Rnase3 
endonuclease cleaves 21, 22 and 24 vsRNAs into 14 bp products, which are 
inactive in the RNA-silencing pathways (Cuellar et al, 2009). In the presence of 
siRNA-binding/targeting VSRs, plants are not able to confine the spread of the 
viral infection because vsRNAs are sequestered and inactivated before they can be 
incorporated into the RISC. According to the model suggested previously (Havelda 
et al, 2003; Havelda et al, 2005) in the absence of siRNA-binding VSRs, virus-
specific vsRNAs act as a systemic signal, moving faster than the virus in the 
infected plant and thereby establishing antiviral silencing in cells ahead of the 
infection front. Thus, the RISCs already activated by vsRNAs destroy the entering 
viral RNA, resulting in the fast recovery of the plants (Szittya et al, 2002; Havelda 
et al, 2003; Havelda et al, 2005). Indeed, siRNA duplexes, as opposed to their 
precursor molecules, act as mobile silencing signals between plant cells (Dunoyer 
et al, 2010; Molnar et al, 2010). 
 
Arrest of functional RISC assembly through AGO interaction/ AGO protein 
targeting VSRs  
The arrest in the assembly of a functional RISC can be carried out also 
through direct binding the protein component of minimal RISC, AGO protein. The 
prevention of RISC assembly could also occur through direct or indirect 
interactions between VSRs and the protein components of RISC. The 2b protein of 
Cucumber mosaic virus (CMV) was one of the first described VSRs (Brigneti et al, 
1998), and it prevents the spread of the long-range silencing signal facilitating 
systemic virus infection (Guo and Ding, 2002). The 2b protein of Fny-CMV has 
been found to physically interact with the PAZ domain and part of the PIWI-
domain of AGO1 protein in the nucleus of the cell and also in the cytoplasmic foci 
(Mayers et al, 2000).  A crystallographic study showed that the 2b protein of 
Tomato aspermy virus (TAV), a cucumovirus related to CMV, binds siRNA 
duplexes (Chen et al, 2008). The analysis of the crystal structure of TAV-2b-siRNA 
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showed that 2b adopts an alpha-helix structure to form a homodimer and binds 
to siRNA by measuring its length. The 2b protein is also known to bind long dsRNA 
(Goto et al, 2007) and to inhibit the production of viral secondary siRNAs (Diaz-
Pendon et al, 2007). Thus, cucumovirus 2b proteins have a dual mode of silencing 
inhibition, either by sequestering siRNAs or by interacting with AGO1 and 
preventing RISC assembly. 
 
The P0 protein of the phloem-limited poleroviruses also targets the AGO 
protein, the core component of the RISC and induces its degradation 
(Pazhouhandeh et al, 2006; Bortolamiol et al, 2007; Baumberger et al, 2007). P0 
has no RNA-binding activity (Zhang et al, 2006; Csorba et al, 2010). Instead, it 
interacts with the SCF family of E3-ligase S-phase Kinase-related protein-1 
components, orthologous to Arabidopsis ASK1 and ASK2, by means of its minimal 
F-box motif and thereby promotes AGO degradation (Pazhouhandeh et al, 2006; 
Bortolamiol et al, 2007; Baumberger et al, 2007). It has been found that P0 cannot 
interfere with the slicer activity of preprogramed siRNA/miRNA containing AGO1, 
but can prevent the de novo formation of siRNA/miRNA-loaded AGO1 (Csorba et 
al, 2010). 
 
Inactivation of programed antiviral RISC complex  
VSRs may mimic cellular protein cofactors to inactivate programmed RISC 
The conserved GW/WG-motif containing protein family (GW182 family) has been 
shown to bind to AGOs and to be required for diverse RISC function (Eulalio et al, 
2009). Silencing effector complex activity block can be achieved also through 
targeting holo-RISC’s RNA component, the guide RNA. African cassava mosaic virus 
(ACMV) encoded AC4 was shown to bind to the ss-sRNAs but not dsRNA forms in 
vitro. Transgenic expression of AC4 correlated with decreased accumulation of 
miRNAs and up regulation of target mRNAs. 
 
AC4 acts downstream of the unwinding process: to bind mature miRNAs 
presumably loaded into AGO protein (Chellappan et al, 2005; Xiong et al, 2009; 
Zhou et al, 2006). In a study of Sweet potato mild mottle virus (SPMMV), the 
silencing suppressor P1 was shown to interact with AGO1 through its N-terminal 
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where three GW/WG motifs are present, which hinders RISC activity (Singh et al, 
2010). P0 protein of polerovirus constitutes an F-box domain and hence 
associates with SCF complex of E3 ligase. It further interacts with AGO1 and causes 
its ubiquitin-dependent proteolysis, hence inhibiting its slicing activity 
(Bortolamiol et al, 2007). Likewise, AC2 protein of Geminiviruses interferes with 
the SCF-mediated ubiquitination and usurps with the host cellular machinery to 
ultimately generate a suitable environment for their function (Lozano-Duran and 
Bejarano, 2011). 
  
Modulation of AGO1 homeostasis 
During tombusviral infection AGO1 transcription is induced as part of the 
host antiviral arsenal. AGO1 homeostasis in plants depends on the miR168-guided 
AGO1 mRNA cleavage and translational inhibition (Rhoades et al, 2002). To 
counteract AGO1-based defence, the virus promotes miR168 transcriptional 
induction that results in miR168-guided AGO1 down-regulation. The miR168 
accumulation spatially correlates with the virus localisation and depends on its 
p19 VSR (Varllyay et al, 2010). Similarly, to p19 all VSRs, which are very 
heterogeneous in protein sequence but bind vsRNAs, promote miR168 
transcriptional induction and AGO1 down-regulation suggesting that VSR-siRNA 
complexes are effectors and recognised by the plant surveillance system 
(Varallyay and Havelda, 2013). A consequence of AGO1 protein deficiency in virus-
infected plants can be the misregulation of miRNA targets, resulting in disturbed 
gene expression, which can lead to the development of viral symptoms.  
 
Plant RDR-based activity suppression 
Host RDRs (RDR1, 2 and 6) contribute to amplification of RNA silencing 
and spread of a systemic signal by synthesis of vsRNAs (Schwach et al, 2005). 
Interestingly, plant RDR1 itself was suggested to have adverse functions. RDR1 is 
an antagonist of RDR6-mediated sense-PTGS silencing therefore behaves as an 
endogenous silencing suppressor (Ying et al, 2010). Suppression of RDR activities 
may constitute a target point for VSRs since it dampens cell-autonomous silencing 
 53 
amplification and systemic movement in distant tissues to facilitate the virus 
replication and spread.  
 
VSR interactions with host factors  
There are emerging evidences that besides the “canonical” block of RNA 
silencing (through ds-, si-, mi-ssRNA-binding e.g. p19, Rnase3 etc. or manipulating 
silencing-related protein activities via direct/indirect interactions e.g. P0, V2, P1 
etc.) some suppressors may target endogenous regulators of the silencing to 
modulate host defence.  
 
Plants utilise RdDM as a defence against DNA viruses for recovery, and 
conversely, viruses are equipped with proteins that suppress TGS. The expression 
of P6 protein in Cauliflower mosaic virus (CaMV) directly affects TGS as it 
inactivates the nuclear protein DRB4 (double-stranded RNA binding protein), 
which is critically required for the functioning of DCL4 (Haas et al, 2008). 
Contrastingly, AC2 protein of Begomoviruses and AL2 of Curtovirus suppress TGS 
indirectly. AC2 is transcription activator protein (TrAP), which increases the 
transcription of any silencing suppressor gene, whereas AL2 has been shown to 
interact and inhibit adenosine kinase (ADK), which is required for the synthesis of 
S-adenosyl methionine (SAM), a cofactor of all methyltransferase. This inhibition 
protects viral DNA from methylation (Raja et al, 2008). 
 
VSRs interfering with the epigenetic modification of the viral genome 
Suppressors from the Geminiviridae family modulate endogenous 
biochemical pathways for the benefit of viruses. The TGMV-encoded AL2 protein 
and the closely related Beet curly top virus (BCTV) L2 interact with and inactivate 
adenosine kinase (ADK), a cellular enzyme important for adenosine salvage and 
the methyl cycle. ADK plays a role in sustaining the methyl cycle. By inhibiting 
ADK, the AL2 and L2 proteins indirectly block this cycle and thereby could 
interfere with the epigenetic modification of the viral genome (Bisaro, 2006, Wang 
et al, 2005). Evidence for the transcription-dependent activity of Mugbean yellow 
mosaic virus and African cassava mosaic virus protein AC2 has also been found. 
This suggests that silencing suppression and transcription activation by AC2 are 
 54 
functionally connected and that come of the AC2-inducible host genes can code for 
components of an endogenous network that controls silencing (Trinks et al, 2005). 
 
 
 
Viral RNA replication-mediated silencing suppression 
Host factors involved in both RNA silencing suppression and viral 
replication have been proposed as playing roles in RNA silencing suppression 
during infection by the Red clover necrotic mosaic virus (RCNMV). The putative 
host factor involved in both processes could be the DCL1 protein because miRNA 
biogenesis is inhibited by virus replication and dcl1 mutant plants show reduced 
susceptibility to RCNMV infection (Takeda et al., 2005). In the suggested scenario, 
DCL1 and its homologues are recruited by the viral replication complex ad are, 
therefore, depleted from the silencing pathways. 
 
Side effects of VSRs   
Many VSRs have been identified as the pathogenic determinants largely 
responsible for virus-induced symptoms (Voinnet, 2005). It is well established 
that the antiviral and endogenous silencing pathways share common elements, 
and VSRs have been shown to interfere with these pathways. SiRNAs-binding 
VSRs (e.g. HC-Pro and P122) can interact with siRNA and miRNA biogenesis 
(Csorba et al, 2007; Lozsa et al, 2008; Kasschau et al, 2003; Chapman et al, 2004; 
Akbergenov et al, 2006) and can compromise these sRNA-regulated plant gene 
expressions. Similarly, long dsRNA-binding VSRs (e.g. P38 and P14) can 
compromise the activity of DCLs, and AGO1-targeting VSRs (e.g. 2b, P0, P1 and 
P38) inhibits RISCS, which in turn can alter expression of an unpredicted number 
of genes in plant development. A surprising effect of 2b VSR has been 
demonstrated recently. It has been shown that the 2b protein of CMV facilitates 
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epigenetic modification through the transport of siRNA to the nucleus (Kanazawa 
et al, 2011). 
 
Control of pathogen impact on the host  
Antiviral and endogenous silencing pathways share common elements. 
The ability of viruses to block antiviral silencing may have an impact on 
endogenous silencing pathways that results in alteration in short RNAs expression 
profile/activity and changes in gene expression both in a direct and in an indirect 
manner. VsRNA-binding VSRs can bind endogenous si- and miRNAs that could 
result in alteration of their downstream targets as was previously shown 
(Chapman et al, 2004; Kasschau et al, 2003; Lozsa et al, 2008). In case of miRNAs 
that target RNA silencing target components an unpredicted number of genes will 
be altered indirectly (e.g. miR162-mediated DCL1 negative feedback loop, DCL1-
dependent suppression of DCL3 and DCL4, miR168 and AGO1 mRNA-derived 
siRNA control of AGO1, miR403 control of AGO2) (Allen et al, 2005; Mallory and 
Vaucheret, 2009; Qu et al, 2008; Rajagopalan et al, 2006; Vaucheret et al, 2006; Xie 
et al, 2005). This is a similar situation in the case of AGO-targeting VSRs (P0, P1, 
P38) (Azevedo et al, 2010; Baumberger et al, 2007; Derrien et al, 2012; Giner et al, 
2010). VSRs’ presence therefore may have a big impact and result in an altered 
developmental program of host organism and symptom development. 
 
In support of VSRs as contributors to the viral symptoms, VSR-transgenic 
lines were created and analysed. In many cases the VSR-expressing transgenic 
plants display phenotypes similar to viral infections. (Dunoyer et al, 2004; Jay et 
al, 2011; Kasschau et al, 2003; Lewsey et al, 2007; Zhang et al, 2006). However, 
transgenic expression of VSR does not recapitulate the expression pattern in time 
and space of an authentic viral infection, therefore conclusions need to be drawn 
very carefully.  
 
VSRs as links between RNA-based and protein-based immunity  
Alteration of silencing pathways (an RNA-based immunity) in the presence 
of the VSR and/or viral infection triggers the protein-based immunity in host as 
part of the counter-counter defence response. R genes present in the plant genome 
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convey disease resistance against pathogens by producing R proteins and their 
actions are the main component of the protein-based immunity arsenal. 
Conserved miRNA family controls a plethora of R genes (Li et al., 2012; 
Shivaprasad et al., 2012; Zhai et al., 2011). It is assumed that R genes are silenced 
in the absence of the pathogen in order to minimise the cost for the plants and 
prevent autoimmunity reactions (Tian et al, 2003). It was found that the NBS-LRR 
genes (the main class of R proteins with nucleotide binding site (NBS) and leucine-
rich repeat (LRR) motifs are silenced in a siRNA-regulated cascade similarly to 
tasiRNA biogenesis scheme: RDR6-dependent secondary siRNAs are produced 
following the original 22 nt miRNA-mediated cleavage on a R-gene transcript. The 
secondary siRNA may target other R-genes. When tomato plants were infected 
with viruses (TCV, CMV, TRV) accumulation of miR482 was reduced. In the 
absence of miR482 activity the resistance R gene targets get released and 
consequently R gene products accumulate to enhance immunity of the plants 
(Shivaprasad et al, 2012). 
 
In summary miRNA-regulated R genes participate in a non-race immunity 
mechanism where the miRNAs are the sensors of the infection. It is supposed that 
release of R-gene based defence may be the cause of the inhibitory action of 
pathogen-encoded suppressors of silencing (VSRs) on miRNA activity during 
infection, however this assumption needs to be experimentally tested in the 
future.  
 
Connecting antiviral silencing to hormone signalling  
Several studies have shown that antiviral silencing might be connected to 
signal transduction pathways responsible for induction of SA-mediated resistance 
(Alamillo et al, 2006; Ji and Ding, 2001). SA is a plant hormone that is involved in 
local and systemic antiviral defence responses including SAR. SA induces 
expression of key antiviral silencing factor RDR1 (Liao et al, 2013; Xie et al, 2001). 
In turn, RDR1 affects many JA-regulated genes (Pandey et al, 2008). JA has been 
implicated as a defence-related hormone (Lewsey et al, 2010). VSRs seem to 
interfere with hormone signalling-based responses, although the precise 
mechanisms are elusive. VSRs therefore emerge as regulators of hormone-based 
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signalling to create favourable conditions for the virus. Although at the moment 
the complex interplay between the RNA silencing and SA-mediated defence is 
elusive VSRs might be important coordinators of this crosstalk during infection.  
 
Various miRNAs and siRNAs have been implicated in innate immunity 
(Katiyar-Agarwal and Jin, 2010). For example, miR398 targeting superoxide 
dismutases is downregulated by ROS and plants overexpressing miR398 exhibit 
enhanced susceptibility to Pseudomonas syringae (Li et al, 2010). Emerging 
evidence implicates components of the nuclear silencing machinery in innate 
immunity. Most miRNAs are bound to AGO1 and this is a potential target of 
pathogen effectors. Interestingly, silencing suppressors of some RNA viruses 
target AGO1. Since AGO1, AGO2 and AGO7 mediate antiviral defence, it is 
conceivable that, in addition to their interaction with viral siRNAs, these AGOs 
contribute to anti-viral defence through endogenous miRNAs and siRNAs 
regulating PTI and ETI. AGO4, in addition to its main function in RdRM, appears to 
have a distinct function in ETI in N. benthamiana (Bhattacharjee et al., 2009). 
RDR1 is known to be involved in the production of secondary viral siRNAs (Wang 
et al., 2010) and is induced by SA. This implicates innate immunity signalling in 
silencing-based antiviral defence. Conversely, RDR6 mediates biogenesis of the 
endogenous siRNAs induced by bacterial effectors (Katiyar-Agarwal and Jin, 
2010). Recent studies reveal that a large proportion of NB-LRRs are associated 
with RDR6-dependent secondary siRNAs and can be partially suppressed by RNA 
viruses and virulent P. syringae (Shivaprasad et al., 2012). Thus, plants seem to 
exploit the pathogen effector activities to achieve inducible expression of NB-
LRRs. 
 
1.6 Identification of microRNAs  
Several miRNAs from diverse plants have been discovered in recent years 
In the past 11 years, the total number of registered miRNAs in miRBase has 
increased from 28 (release 3.0) to 8524 (in the current release version 21) 
(http://www.mirbase.org/). Accurate prediction and validation of miRNA target 
genes are important for unravelling the function of specific miRNAs. The three 
most commonly used methods to identify and validate plant miRNAs include 
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computational predictions based on conserved sequence and secondary structure 
without experimental verification, cloning of small RNA libraries and direct 
capture of miRNAs by high-throughput sequencing. The development of several 
new advanced and efficient technologies such as high-throughput sequencing has 
contributed to the marked increase in a number of newly discovered miRNAs. The 
key features of miRNAs remain unknown and most studies are confined to the 
model plants or some important plants. It is important to identify and characterise 
miRNAs to obtain insight into their functions. 
Forward genetics is an advanced approach for discovery of miRNAs; 
however, it is time-consuming and expensive and thus has limited applications. 
This approach is unlikely to be a main contributor the list of biologically functional 
miRNAs. In reverse genetics, researchers use known sequences to discover 
function or phenotypes. The two main reverse genetic strategies used in the 
identification of miRNAs include bioinformatics and experimental approaches. 
Discovery of miRNAs through bioinformatic tools has become a widely used 
method and has been used to predict new miRNAs in both animals and plants. The 
success is mainly attributed to the low cost, high efficiency, speed and versatility 
of bioinformatics. The key principle behind miRNA identification using 
bioinformatics involves the establishment of homologous sequences of known 
miRNAs both within a single genome and across the genomes of related organism 
(Lagos-Quintana et al, 2001). The ensuring sequence and structure homologies 
provide basis for miRNA prediction on the basis of predefined parameters. 
Computational strategies have provided a reliable and efficient method to predict 
miRNAs and their target genes and have been used in studies on animals, fungi 
and higher plants (Rhoades et al, 2002; Bonnet et al, 2004; Adai et al, 2005; Zhang 
et al, 2005). Cloning and sequencing of small RNA libraries are the current 
experimental approaches used to identify and characterise miRNAs. Some of the 
limitations in this approach include tissue and time specificity of miRNA 
expression as well as the generally low expression levels of miRNAs. MiRNAs are 
mostly transcribed in response to specific environmental stimuli and they cleave 
or degrade target mRNAs, thus creating difficulties in cloning and miRNAs and 
other small RNAs. In this respect, the computational approach offers advantage. 
Next-generation massive sequencing techniques, such as 454 pyrosequencing and 
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illumina/Solexa, have been commonly used to identify new miRNAs in plants 
(Moxon et al, 2008; Song et al, 2010; Wang et al, 2011). 
 
Computational Approaches to miRNA identification  
It has been demonstrated that a majority of known miRNAs in the plant 
kingdom are evolutionary conserved, from mosses and ferns to higher flowering 
plants (Zhang et al, 2006a), and miRNAs from one species may have homologs or 
orthologs in other spaces. This observation offers certain practical and powerful 
strategies to identify novel miRNAs in different plants. Several computational 
approaches have been developed to identify plants miRNAs (Reinhart et al, 2002; 
Wang et al, 2004; 2005). Computational approaches have been used to identify 
miRNAs in: Arabidopsis (Wang et al, 2004), Soybean (Zhang et al., 2008a), Rice (Li 
et al, 2005), Maize (Zhang et al, 2006b), Tomato (Yin et al, 2008, Zhang et al, 
2008b), Grape (Carra et al, 2009), and some other plants (Zhang et al, 2005; 2007; 
Sunkar and Jagadeeswaran, 2008). 
 
Some miRNA features provide key information to predict novel miRNA 
sequences. Because of the presence of a characteristic fold-back structure 
(Berezikov et al, 2006), prediction of miRNAs on the basis of secondary structure 
of the sequence is applied in almost all approaches. Many approaches also rely on 
the phylogenetic conservation of both sequence and structure to distinguish 
between miRNA candidates and irrelevant genomic hairpins (Berezikov et al, 
2006). It is well known that miRNAs are conserved in plants; thus, it is possible to 
computationally search for the homologs or orthologs of miRNAs as well as long 
hairpin structures in precursors (Wang et al, 2005). Minimum free energy (MFE), 
a commonly used measure for characterising the secondary structure of different 
RNAs, is also effective to characterise and/or predict miRNA sequences (Lee et al, 
1993; Llave et al, 2002; Reinhart et al, 2002; Thakur et al, 2011). Bioinformatics 
tools can identify miRNAs using both sequence and secondary structure 
alignments (Wang et al, 2005). Because conserved miRNA sequences are 
commonly searched for using algorithms, the major challenge is to find miRNAs 
that are species specific. The major limitation in most of the bioinformatics 
techniques is the need to start from a known sequence and the dependence on 
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conserved secondary structure regions and mature miRNA sequences (Unver et 
al, 2009).  
 
Analysis of expressed sequence tag databases in miRNA prediction 
ESTs, a database of the complementary DNA (cDNA) sequence of the 
expressed genes, provide a platform for the above-mentioned bioinformatics tools 
to search for potential mRNA sequences. ESTs are partial sequences of cDNA 
cloned into plasmid vectors (Adams et al, 1991). Several plant genes have been 
cloned from sequences in ES databases (Graham et al, 2004). The fact that most 
miRNAs are deeply conserved from species gives researchers the ability to predict 
orthologs of previously known miRNAs from EST databases. With the increasing 
number of plant genome sequences, the number of ESTs in the database has 
markedly increased. As of 2012, GenBank (http://www.ncbi.nih.gov/Genbank/) 
had 154130210 EST sequence entries, representing more than 1370 different 
organisms. Conserved candidate miRNAs and their precursors can be predicted 
using this resource. EST analysis to predict homologous miRNAs across plant 
species has been developed using conserved sequence regions from previously 
known miRNAs. Additional parameters, such as structure prediction filters 
(secondary structure), have been applied to increase the accuracy (Zhang et al, 
2005). 
 
Experimental discovery of candidate miRNAs 
The experimental validation of the predicted miRNAs is required to 
accurately determine their cellular functions. Repertoires of experimental 
methods are currently available to validate plant miRNAs. These approaches can 
be divided into two main groups: PCR-based cloning approaches and 
hybridization-based methods.  
 
PCR-based cloning approaches 
Direct cloning and sequencing of small RNA libraries 
Direct cloning of small RNAs from plants is one of the earliest basic 
approaches used for identification of miRNAs. Many plant species have been 
cloned by this method: Arabidopsis (Llave et al, 2002; Reinhart et al, 2002), Rice 
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(Sunkar et al, 2005) and Grape (Carra et al, 2009). Direct cloning approach mainly 
involves synthesis of a cDNA library and includes six key procedures: Total RNA 
is extracted from the organism of interest; 26 to 28 nt RNAs are selected from the 
total RNA and excised from the polyacrylamide gel; small RNAs are then ligated 
with an adapter; subsequently reverse transcribed; amplification of resulting 
cDNAs with real-time PCR (RT-PCR) using primers specific for the adaptor sites; 
the RT-PCR product are cloned; and the selected clones are sequences and the 
sequence data is analysed. This method is not consistent with the prediction and 
can also identify sequences from different members of the same family.  
 
Reverse transcription-polymerase chain reaction and Real-time analysis 
RT-PCR is widely used to detect the expression of mRNA and other RNA 
molecules. Real-time quantitative RT-PCR (qRT-PCR) offers further advantages 
and sensitivity in miRNA detection and can circumvent the limitations of northern 
blotting analysis and cloning; however, it is limited to high cost. qRT-PCR has been 
successful has been successfully used to detect the expression of miRNAs. Three 
major qRT-PCR techniques have been used to detect the expression of miRNA: 
Primer-extension, quantitative PCR (PE-qPCR) (Raymond et al, 2005); Poly(A) 
tailing assay (Shi and Chiang, 2005); and stem-loop RT-PCR (Chen et al, 2005b). 
Stem-loop primers are superior to conventional primers in terms of RT efficiency 
for mature miRNA and can discriminate among related miRNAs that differ as little 
as one nucleotide. These assays quantify miRNA expression levels with superior 
performance over existing conventional detection methods, and combine the 
power of PCR for exquisite sensitivity, real-time monitoring for a large dynamic 
range and TaqMan assay reporters to increase the specificity. 
 
High-throughput sequencing technologies and miRNA sequencing    
Computationally predicted miRNAs have been experimentally validated by 
PCR-based cloning or hybridization-based methods. PCR-based cloning is 
challenging when the mature miRNA region is unknown, whereas hybridization-
based methods suffer from sensitivity issues to detect less-abundant miRNAs. 
These methods do not reveal the actual miRNA sequences. Recent advances in 
technology, including the next-generation high-throughput sequencing 
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technologies such as Illumina/Solexa, massively parallel and 454 pyrosequencing, 
can be used to identify plant miRNAs. Species-specific (novel) miRNAs often 
accumulate at lower levels than conserved miRNAs. Thus, it is often difficult to 
assess them using traditional sequencing approaches such as Sanger sequencing 
method, which has been widely used in model plant species with known genome 
sequences (Song et al, 2010; Ge et al, 2012). The availability of next-generation 
sequencing (NGS) technologies provides high-throughput tools for new 
discoveries in plant miRNAs, which have low abundance, tissue specificity and 
spatiotemporal specificity. NGS has been used successfully to identify miRNAs in 
multiple plant species including Arabidopsis (Rajagopalan et al, 2006; Fahlgren et 
al, 2007), Grape (Pantaleo et al, 2010; Wang et al, 2014), Citrus (Song et al, 2010), 
Strawberry (Ge et al, 2012), and Zea mays (Zhang et al 2009). High-throughput 
approaches also detect miRNAs by abundance analysis (Fahlgren et al, 2007).  
 
The demand for low-cost sequencing has driven the development of high-
throughput (next-generation) technologies that parallelize the sequencing 
process, resulting in thousands or millions of sequences at once. The application 
of technologies such as miRNA sequencing (miRNA-seq) has played a considerable 
role in the discovery of plant miRNAs. MiRNA-seq entails the use of next-
generation sequencing or massively parallel high-throughput DNA sequencing 
technologies to sequence miRNAs. MiRNA-seq often requires specifically enriched 
small RNAs as input, and this technique allows researchers to discover previously 
uncharacterised miRNA and to examine tissue- and disease-specific expression 
patterns, and miRNA isoforms. Similar to other techniques, miRNA-seq offers both 
advantages (sequence independence and coverage) and disadvantages (high cost, 
infrastructure requirements, run length and potential artefacts). 
 
Identification of miRNA Targets  
With the increase in next-generation sequencing data, new miRNAs are 
being uncovered in various plant genomes at a rapid pace; one of the major 
challenges is to determine their function. A crucial step towards functional 
annotation of miRNA is to identify their targets. Target recognition of plant 
miRNAs requires near-perfect complementarity base pair matching, and thus, 
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target prediction is relatively uncomplicated for plant miRNAs. In plants, both 
experimental and computational techniques are used to identify target miRNAs. 
Predicting conserved miRNA targets has revealed that homologous mRNAs are 
targeted by conserved miRNAs within a miRNA family, yet allowing more gaps and 
mismatches between an individual miRNA and its target (Unver et al, 2009; Sun 
et al, 2012). 
 
Predicting miRNA targets in plants has been much easier because miRNAs 
bind to the protein-coding region of target with perfect or near-perfect sequence 
complementarity. In plants, targets can be identified through perfect base-pair 
complementarity between miRNAs and mRNA sequences (Rhoades et al, 2002). 
Based on transcriptome analysis in transgenic Arabidopsis plants overexpressing 
miRNAs, Schwab et al (2005) designed a set of rules to predict miRNA targets. The 
criterion allows one mismatch in the region complementary to nucleotides 2-12 
of the miRNA, but not in the cleavage site (nucleotides 10 and 11). Three 
additional mismatches (no more than two continuous mismatches) were 
permitted between nucleotide positions 12 and 21. Song et al (2010) reported 
another method that allowed maximum four mismatches, with one mismatch 
between positions 1 and 9 from the 5’-end of the miRNA, no mismatches between 
12 and 21/24 and no gaps at the complementary sites. By applying these rules, 
miRNA targets have been predicted in plant such as grape (Sun et al, 2012; Wang 
et al, 2014) and citrus (Song et al, 2010). In plants, miRNAs typically guide 
cleavage of target RNAs through their high degree of miRNA-target base-pairing 
matching (Carthew and Sontheimer, 2009). However, some reports have shown 
that plant miRNAs can also repress target mRNA translation (Aukerman and 
Sakai, 2003; Chen, 2004; Huntzinger and Izaurralde, 2011). 
 
Microarray expression analysis has been used to analyse the expression of 
target genes along with specific miRNAs. However, a limitation of this method is 
that they are observed among a pool of indirect changes in transcript abundance 
and it detects only miRNA-mRNA interactions that result in cleavage and 
degradation (Thomson et al, 2011). Among the experimental approaches 5’-RACE 
[rapid amplification of cDNA ends/RNA ligase-mediated 5’ rapid amplification of 
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cDNA ends (RLM-RACE)], Poly (A) ends (PPM_RACE) and RLM-RACE, and 
degradome sequencing (Degradome-seq) have been widely utilised to confirm 
plant miRNA-mRNA target site. 
Advances in identification and characterisation of miRNAs and their target 
genes in plants provide a better understanding of post-transcriptional gene 
silencing. The information generated from such studies is valuable for RNA 
research in plants and sheds light on the expression and function of miRNAs. In 
addition, recently developed high-throughput methods have greatly enhanced the 
capacity to identify and validate novel miRNAs and their target genes. With the 
increasing genome sequencing information in plants, it will be intriguing to 
comprehensively analyse and compare the data across the genome to further 
broaden the knowledge of small RNA-mediated regulation in plants.  
 
 
1.7 Plant miRNAs and the adaptive response to viral 
invasion 
The discovery of miRNAs dates back to 1993 (Lee et al, 1993), however it 
was not until a decade ago that miRNAs were implicated in the host’s defence 
mechanism (Llave, 2004). In plants, miR393 was the first host-derived sRNA 
recognised to function in antibacterial resistance by modulating the auxin-
signalling pathway (Navarro et al, 2006). Plant-derived miRNAs were later 
reported to be associated with the repression of Plum pox virus (PPV) replication 
in vivo (Simon-Mateo and Garcia, 2006).  
 
Several studies have demonstrated miRNA-mediated post-transcriptional 
regulation in response to viral infection. Microarray analysis of tomato plants 
agroinfected with Tomato leaf curl New Delhi virus (ToLCNDV) detected the 
deregulation of conserved miRNA families including miR319 and miR172 (Naqvi 
et al, 2010). When Nicotiana benthamiana plants were infected with four distinct 
begomoviruses African cassava mosaic virus (ACMV), Cabbage leaf curl virus 
(CbLCuV), Tomato yellow leaf curl virus (TYLCV) and Cotton leaf curl Multan 
virus/Cotton leaf curl betasatellite (CLCuV/CLCuMB), miRNAs involved in plant 
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development processes were found to be upregulated, leading to the suppression 
of corresponding endogenous targets (Amin et al, 2011). In rice, RNA deep 
sequencing methods were applied to analyze miRNA profiles during infection with 
the Rice dwarf virus (RDV; dsRNA virus) and Rice stripe virus (RSV; negative sense 
and ambisense RNA virus) (Du et al, 2011). RSV infection triggered the 
accumulation of miRNA*s rather than the corresponding miRNAs, accompanied 
by the enhanced expression level of rice DCL and AGO genes. In contrast, RDV 
infection resulted in an upregulation of OsRDR genes. However, it is not known if 
the upregulation of DCL, AGO or RDR genes is linked to defence mechanisms. Co-
infection of Nicotiana benthamiana with Potato virus X, Potato virus Y and the PPV 
resulted in an altered host miRNA expression profile. Thus the differential 
modulation of host sRNA metabolism can be observed under the condition of 
multiple virus infection (Pacheco et al, 2012).  In Brassica, bra-miR1885 was found 
induced upon Turnip mosaic virus (TuMV) infection (He et al, 2008). Bra-miR1885 
targets a TIR-NB-LRR (Toll/inter- leukin-1, nucleotide-binding site leucine-rich 
repeat) disease resistance gene. Bra-miR1885 probably originates from inverted 
duplication events of TIR-NB-LRR coding genes. A recent study also investigated 
the Arabidopsis smRNA profile upon infection with the Oilseed rape mosaic 
tobamovirus (ORMV) (Hu et al, 2011). Thereby, a size-specific enrichment of 
miRNAs was observed. As the corresponding mRNA targets did not exhibit a 
corresponding transcriptional change, it has been hypothesized that mature 
miRNAs only play minor roles during Arabidopsis:ORMV interactions. In a similar 
study, tomato plants challenged with the Cucumber mosaic virus (CMV) and the N5 
strain of Tomato mosaic virus (ToMV) were subjected to a RNA deep sequencing 
study (Chen et al, 2012). Over 85% of the analyzed miRNAs were found to be 
altered; however, the exact role of this phenomenon remains to be elucidated. In 
grapevine, infection with the Grapevine vein- clearing virus also triggers 
adaptations of the miRNA profile (Singh et al, 2012). MiR169 and miR398 were 
downregulated in response to viral infection, whereas miR168 and miR3623 were 
upregulated. However, it remains elusive whether the transcriptional change of 
these miRNAs has a direct or indirect effect on disease resistance. In summary, 
virus infections were shown to trigger changes in miRNA transcriptomes of 
several plant species. Nonetheless, for the majority of novel studies investigating 
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the role of miRNAs in antiviral defence, the exact contribution to defence 
mechanisms is still unknown. 
 
Notwithstanding the plethora of plant miRNA regulatory networks that are 
operational in plants, it is plausible to deduce a common pattern of miRNA 
regulation due to viral infection. Uncovering these patterns could prove beneficial 
to the development of biomarkers for the diseased state or towards imparting 
plant resistance through antiviral strategies. It has also been suggested that 
miRNA passenger strands (miRNAs*), previously considered degradation 
products with little role in vivo, are involved in the antiviral defence mechanism 
of plants (Naqvi et al, 2010). The conserved and abundantly expressed plant 
miRNA families (miR156, miR159, miR319, miR172, etc.), in general, merit 
discussion, as they are thought to have a repressive role toward viral invasion. 
Computational (Pérez-Quintero et al, 2010) and microarray-based experiments 
have provided evidence that conserved miRNAs generally demonstrate greater 
antagonism toward viral genomes (Naqvi et al, 2010). 
 
The assumption that those miRNAs, which were able to confer defence 
against viral invasion, would have survived evolutionary selection and became 
conserved, provides an explanation for the abundance of conserved miRNAs in the 
plant small RNAome. It also follows from this assumption that any supplementary 
functions that miRNAs exhibit would have most likely been acquired by them at 
later evolutionary stages. The occurrence of ORFs encoding viral suppressors of 
RNA silencing (VSRs) in the genomes of plant viruses, with their primary function 
of debilitating the host’s sRNA metabolism, stands as evidence in support of this 
latter hypothesis. The hypothesis is further sup- ported by the duplication and 
divergence mechanism of miRNA evolution. The mechanism reveals that miRNA 
families that are conserved across species exhibit copy number variation, followed 
by qualitative sequence differentiation, which together, are thought to be leading 
to the evolution of miRNAs with the emergence of novel functions (Ehrenreich and 
Puruggana, 2008). 
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It has also been hypothesized that even plant miRNAs that are relatively 
less abundant could conceivably cater to the host’s defence mechanisms during 
specific host–virus interactions. Of late, miRNAs have also been implicated in the 
regulation of plant innate immune responses by modulating nucleotide binding 
site–leucine-rich repeat (NBS– LRR) genes in Solanaceae (Li et al, 2012; 
Shivaprasad et al, 2012). In NBS–LRR-mediated non-specific immunity, when 
there is absence of infection by a pathogen, only a few miRNAs control the cascade 
of defence proteins. Conversely, defence proteins under miRNA control are 
triggered instantly, upon viral invasion, as VSRs depress miRNA- based control of 
defence proteins. Thus, it appears that miRNA-mediated modulation of plant 
defence mechanisms functions on the principle of cellular economy. Another 
perspective on the presence of host-derived miRNAs is that these viral responsive 
miRNAs, by not targeting all the viral ORFs, might be enabling co-existence of 
viruses inside the host, and thereby allowing the establishment of a persistent 
infection (Mahajan et al, 2009). This perspective is plausible considering our 
deprived understanding of the sRNAome landscape of plants in general, and in 
particular, of the regulation of virus–plant interactions 
 
Plant miRNAs and viral counter defences  
The role of VSRs in debilitating host miRNA pathways also merits its own 
discussion. The molecular basis behind the manifestation of viral symptoms lies 
in the ability of VSRs to interfere with host miRNA biogenesis, ultimately affecting 
host mRNA turnover to the advantage of invading pathogens (Chapman et al, 
2004; Chellappan et al, 2005). A p19 VSR of Cymbidium ring spot virus, for 
instance, induces host-derived conserved miR168 that is involved in restraining 
AGO-1 accumulation. As AGO-1 accumulation is crucial for the antiviral function 
of RISC, host miRNA modulations, under the influence of viral infection, lead 
invariably to an impaired host antiviral response (Bortolamiol et al, 2007; 
Varallyay et al, 2010). 
 
Interestingly, VSR 2b of CMV has been shown to exhibit miRNA modulating 
activity and symptom induction, independently of one another, leading to the 
 68 
conclusion that the RNA suppressor domain acts discretely from the host miRNA 
inhibitory domain (Lewsey et al, 2009). A report on two unrelated VSRs 
(Potyvirus HC-Pro and Carmovirus p38) revealed viral activities that were 
consistent with the notion of distinct domains. In addition, it is known that host 
TFs are involved in HC-Pro-mediated morphological anomalies but not in their 
miRNA inhibitory role (Endres et al, 2010). Furthermore, the differential effect of 
VSRs on siRNA and miRNA AGO-1 loading proposes the presence of two different 
pools of ARGONAUTE proteins in vivo (Schott et al, 2012). To summarize, because 
the plant’s antiviral defence and endogenous gene regulatory networks share 
common protein machinery, which would otherwise be involved in maintaining 
normal cellular processes, leading to the manifestation of disease symptoms. 
 
Resistance (R)-gene mediated immunity is regulated by miRNAs 
Beside their role in fine-tuning hormonal pathways during defence 
responses, miRNAs have been demonstrated to play a pivotal role during the early 
steps of the plant immune responses. The plant immune system is multilayered 
and consists of constitutive defence barriers such as cell walls or pre-formed 
toxins, as well as inducible local and systemic defences (Spoel and Dong, 2012). 
Upon pathogen and pest perception, plants employ a so-called innate immunity 
which is mediated by two major receptor classes, namely pattern recognition 
receptors (PRRs, [Zipfel and Robatzek, 2010]) and resistance (R) proteins which 
are generally intracellular nucleotide-binding site leucine-rich repeat (NB-LRR) 
proteins (Elmore et al, 2011). PRRs perceive conserved pathogen- or microbe-
associated molecular patterns (PAMPs/MAMPs) such as flagellin or chitin. This 
triggers the activation of downstream defence pathways including the generation 
of reactive oxygen species (ROS) that are toxic for invaders, thus leading to a 
pattern-triggered immunity (PTI). However, successful pathogens are capable of 
suppressing PTI with the help of (Avr) proteins, pathogen effectors that either 
interact directly with PRRs or interfere with downstream factors (Boller and He, 
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2009). These effectors are recognized and attenuated by NB-LRR proteins 
encoded by plant R-genes, thus leading to an effector-triggered immunity (ETI). 
 
Over the past few years, novel findings uncovered a pivotal role of miRNAs 
during NB-LRR-mediated resistance. In tobacco, two miRNAs (nta-miR6019 and 
nta- miR6020) were discovered to cleave the mRNA of the tobacco N-gene that 
encodes a NB-LRR receptor (Zhai et al, 2011), N-mediated resistance against 
Tobacco mosaic virus (TMV). Overexpression of both miRNAs resulted in an 
attenuated N-mediated resistance to TMV. Intriguingly, cleavage of N mRNA 
resulted in the accumulation of 21-nt siRNAs in phase with the cleavage site of nta-
miR6019; the generation of these siRNAs requires RDR6 and DCL4. Hence, 
miR6019 triggers the generation of secondary siRNAs that act in concert to control 
innate immunity. In the same study, bioinformatic investigations also led to the 
identification of miRNAs targeting R-genes in tomato and potato. Similarly, the 
miRNA family miR1507, miR2109 and miR2118 were demonstrated to regulate 
NB-LRR encoding genes in legumes via phased siRNAs (Zhai et al, 2011). These 
findings were recently complemented by the demonstration that miR482/2118 
targets NB-LRR encoding genes in tomato (Shivaprasad et al, 2012). The 
miR482/2118 family was found highly abundant in the Rutaceae, Solanaceae and 
Fabaceae, suggesting a conserved regulatory role. Expression of miR482 was 
associated with the synthesis of secondary siRNAs, which also target several NB-
LRR encoding genes. Moreover, in bacteria- and virus-infected plants, the miR482-
mediated suppression of NB-LRR was alleviated, resulting in enhanced levels of 
NB-LRR proteins. In summary, miRNAs seem to be heavily implicated in 
regulating NB-LRR-mediated innate immunity. Normally, NB-LRRs are associated 
with race-specific immunity, thus specific NB-LRRs recognize race-specific 
effectors. A pathogen-mediated downregulation of miRNAs targeting NB-LRRs 
would lead to an overexpression of NB-LRRs in a non-race specific manner, thus 
resulting in a broader resistance. Therefore, low levels of NB-LRRs under miRNA 
control might reduce the plant defence costs, as multiple NB- LRRs can be rapidly 
induced upon pathogen stress. 
 
2. Rationale and Overall Objectives of Study  
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Food security is one of the most important issues challenging the world 
today. Any strategy used to solve this problem must include increasing crop yields 
and quality. Since cassava is robust and can withstand many harsh conditions 
including low rainfall and nutrient poor soils, it serves as the perfect famine 
reserve and food security crop for many subsistence farmers. In addition, it is also 
important source of starch for industrial applications and bioethanol productions. 
While cassava has been grown for hundreds of years in southern Africa by African 
tribesmen for subsistence, it is only more recently that the potential value of 
cassava for both food security and industrial purposes has been realized.  Casquip 
Starch Manufacturing Pty Ltd began the initiative in 1998 in the Limpopo and 
Mpumalanga Provinces, and also expanded later on into Swaziland. Recently, in 
2015, cassava was recognized and acknowledged as an official commodity and the 
Cassava Industry Association SADC (CIASA) was established through the 
Department of Trade and Industry (dti). CIASA is registered with the Department 
of Social Development. National cassava germplasm trials in Limpopo, 
Mpumalanga and ZwaZulu –Natal provinces have recently been initiated with 
support from the Agricultural Research Council and Technical Innovation Agency.  
Government and industry are working with small-scale farmers in these provinces 
to establish cassava cultivation, and larger commercial cassava farms are planned 
for the future. T200 is a southern African landrace with high starch and has been 
identified as one of the appropriate commercial varieties, but other high starch, 
local environment-adapted varieties are being tested.   
 
However, like many crops, cassava is vulnerable to infection by a number 
of pathogens. One of the most devastating and economically important constraints 
to threatening cassava production is infection by at least one of the 11 species of 
begomoviruses (Family Geminiviridae) resulting in cassava mosaic disease (CMD), 
which causes devastating yield losses. Losses have been reported to be as high as 
90% in highly infected cassava fields.  South African cassava mosaic virus is one of 
the 11 begomoviruses that infects cassava and was first isolated from a field in 
South Africa in 1999. These viruses are difficult to control, bringing about the need 
for effective disease control strategies. One approach for control is to elucidate 
mechanisms involved in the host defence-responses to an invading pathogen so 
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that manipulation of endogenous genes or gene networks (cis-genics) can be 
employed to develop virus resistant plants. 
 
Since cassava is considered an “orphan crop”, it has been neglected by 
research in favor of cereals and other economically important crops. Due to the 
limited information concerning geminivirus-plant host interactions, insufficient 
information regarding the changes in the small RNAome that occur in CMD-
infected cassava is available.  Furthermore, while plant pathogen resistance has 
been well studied, little is known about the molecular mechanisms involved in 
tolerance and recovery in plants. 
 
Therefore, the main aim of the work presented in this thesis was to 
investigate the affect SACMV infection has on the small RNA populations in a 
susceptible cassava landrace (T200) and a SACMV tolerant landrace (TME3) 
and determine if any of the small RNA populations play a role in TME3 
tolerance and recovery to SACMV infection.  
 
2.1 Specific Objectives  
The specific objectives of this project are outlined in the chapter format 
below. 
 
Outline of this thesis 
 
Chapter 2: At the conception of this project, there was very limited information 
about the microRNAome of cassava. The aim of this study was to identify both 
conserved and cassava-specific (novel) miRNAs in cassava T200 and TME3 
landraces using the freely available cassava EST and GSS databases as well as data 
generated next-generation sequencing (NGS). T200 was chosen as it is a southern 
African high starch landrace with industrial-potential, and TME3 is a West African 
landrace with known tolerance to cassava mosaic disease (CMD).  The miRNAs 
present in miRBase (V.21) were used to identify potential conserved miRNAs in 
the EST and GSS databases and the NGS data. The miRCat tool that is part of the 
UEA small RNA workbench was used to identify novel miRNAs in the NGS data. 
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Targets for both the conserved and novel miRNAs were identified using the 
psRNATarget webtool.  
 
Chapter 3: The next aim was to determine and compare the changes in expression 
of miRNA populations in SACMV-infected tolerant (TME3) and susceptible (T200) 
cassava landraces. To achieve this, first conserved and novel miRNAs were 
identified in TME3 and T200 in SACMV-infected and mock-inoculated leaf samples 
collected at 12, 32 and 67 days’ post infections (dpi). These three time-points 
represent the progression of disease; 12dpi represents the early pre-symptomatic 
stage, 32dpi represent full-systemic infection and 67dpi represents the late 
infection stage and the recovery stage in TME3.  
 
Chapter 4:  The final aim was to determine if methylation and virus-derived 
vsRNA populations are possible RNA silencing mechanisms involved in the 
recovery phenotype observed in SACMV-infected cassava cultivar TME3 and the 
susceptible phenotype in T200.  
 
Chapter 5: This chapter collates all the results obtained from the studies in 
chapter 2, 3 and 4. The results obtained during the course of this PhD work are 
discussed in a context of the latest insights regarding plant-virus interactions and 
defence mechanisms. How the major findings of this research can contribute to 
elucidating some of the molecular mechanisms that occurs in geminivirus-plant 
infection systems is discussed. Also, future recommendations and how this data 
can be used to achieve CMD resistant/tolerant farmer-preferred cassava varieties 
is put forward.  
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Chapter 2 
Unveiling the Micronome of Cassava 
(Manihot esculenta Crantz) 
 
This Chapter has been published: 
  
Article Source: Unveiling the Micronome of Cassava (Manihot 
esculenta Crantz)  
Rogans SJ, Rey C (2016) Unveiling the Micronome of Cassava (Manihot 
esculenta Crantz). PLoS ONE 11(1): e0147251. doi: 
10.1371/journal.pone.0147251 
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2.1 Abstract 
MicroRNAs (miRNAs) are an important class of endogenous non-coding 
single-stranded small RNAs (21-24 nt in length), which serve as post-
transcriptional negative regulators of gene expression in plants. Despite the 
economic importance of Manihot esculenta Crantz (cassava) only 153 putative 
cassava miRNAs (from multiple germplasm) are available to date in miRBase 
(Version 21), and identification of a number of miRNAs from the cassava EST 
database have been limited to comparisons with Arabidopsis. In this study, mature 
sequences of all known plant miRNAs were used as a query for homologous 
searches against cassava EST and GSS databases, and additional identification of 
novel and conserved miRNAs were gleaned from next generation sequencing 
(NGS) of two cassava landraces (T200 from southern Africa and TME3 from West 
Africa) at three different stages post explant transplantation and acclimatization.  
EST and GSS derived data revealed 259 and 32 miRNAs in cassava, and one of the 
miRNA families (miR2118) from previous studies has not been reported in 
cassava. NGS data collectively displayed expression of 289 conserved miRNAs in 
leaf tissue, of which 230 had not been reported previously. Of the 289 conserved 
miRNAs identified in T200 and TME3, 208 were isomiRs. Thirty-nine novel 
cassava-specific miRNAs of low abundance, belonging to 29 families, were 
identified. Thirty-eight (98.6%) of the putative new miRNAs identified by NGS 
have not been previously reported in cassava. Several miRNA targets were 
identified in T200 and TME3, highlighting differential temporal miRNA expression 
between the two cassava landraces.  This study contributes to the expanding 
knowledge base of the micronome of this important crop. 
 
2.2 Introduction  
MicroRNAs (miRNAs) are an important class of endogenous small RNAs. 
They are evolutionary conserved, single-stranded, non-coding pieces of RNA that 
are 21-24 nt in length (Ambros et al, 2003; Bartel, 2004). MiRNAs serve as post-
transcriptional negative regulators of gene expression in plants and animals by 
negatively regulating their target gene expression at post-transcriptional levels 
through mRNA cleavage or repression of translation, depending on the 
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complementarity between the miRNAs and their target genes (Carthew and 
Sontheimer, 2009; Jones-Rhoades et al, 2006; Zhang et al, 2006a) MiRNAs regulate 
a great number of genes involved in plant growth and development, 
environmental stress response, signal transduction as well as response to 
pathogen invasion (Dugas and Bartel, 2004).  
 
The biogenesis of mature miRNAs encompasses a co-ordinated interplay of 
a few cellular proteins in and outside of the nucleus and is a multi-step process. 
Like their protein-coding counterparts, miRNAs are also transcribed form their 
own genes, known as MIR genes (Carthew and Sontheimer, 2009; Chen, 2005). 
MIR genes are much longer than their mature sequences and range from several 
tens to more than 1000 nt. Mature miRNAs are produced from a pathway starting 
with the MIR genes being transcribed to the capped and polyadenylated primary 
miRNA transcripts (pri-miRNA) by the Pol II enzyme (Lee et al, 2004; Mallory et 
al, 2008). The pri-miRNA forms an imperfect hairpin-like secondary structure, 
which undergoes cleavage to form a perfect hairpin precursor called precursor 
miRNA (pre-miRNA) with the aid of Dicer-like enzyme (DCL1), a plant counterpart 
of the animal Dicer enzyme (Bartel, 2004; Kurihara and Watanabe, 2004; Xie et al, 
2004; Lu et al, 2005). In the dicing process DCL1 interacts with the pri-miRNA 
with the aid of DWADLE (DDL), which plays a significant role in recruiting DCL1 
to the pri-miRNA (Yu et al, 2008). The pre-miRNA is further processed by DCL1 to 
release the stem portion of the hairpin as a miRNA: miRNA* duplex (miRNA* is 
the complementary sequence to miRNA on the opposing arm) (Bartel, 2004; 
Kurihara and Watanabe, 2004). Cellular enzymes like HYL1 (HYPONASTIC 
LEAVES 1), HEN1 (HUA ENHANCER 1) and HST1 (HASTY 1) are obligatory for the 
maturation of miRNAs. DCL1 associates with its cohort HYL1, a dsRNA binding 
protein, and SERRATE (SE), a zinc finger protein, to produce mature miRNAs 
(Dong et al, 2008; Man et al, 2004). The processed miRNA duplex is 2’-O 
methylated and polyuridylated at the 3’-terminal nucleotide by a dsRNA 
methylase HEN1. The methylation protects miRNAs from degradation (Li et al, 
2005; Park et al, 2002). The mature miRNA duplex is then exported out of the 
nucleus by HST1 an EXPORTIN 5 orthologue in plants (Papp et al, 2003; Park et al, 
2005; Yi et al, 2003). Out of the two strands of the mature miRNA duplex 
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(miRNA:miRNA*), the one with the least 5’ end thermodynamic stability will 
function as a mature miRNA, whereas the other strand (miRNA*) termed the 
passenger strand is specifically degraded (Khvorova et al, 2003). Finally, the 
single-stranded mature miRNA is incorporated with AGONAUTE (AGO) proteins 
to form a ribonucleoprotein complex known as RNA-induced silencing complex, 
where the regulation of target gene expression occurs (Bartel, 2004; Dugas and 
Bartel, 2004; Voinnet, 2009).  The RISC complex along with the mature miRNA 
negatively regulates gene expression either by inhibiting translation elongation or 
triggering messenger RNA (mRNA) degradation depending on the degree of 
complementarity of the miRNA sequence with its target.  
 
A large number of miRNA families are evolutionary conserved in the plant 
kingdom, which ranges from mosses and ferns to higher flowering plants (Pan et 
al, 2006). This attribute has been used as a practical indicator for the identification 
and prediction of miRNAs by homology searches in other species. During recent 
years the identification and characterisation of miRNA (Pan et al, 2006) and their 
target genes from plants has been extensively studied (Ghani et al, 2013; Jones-
Rhoades and Bartel, 2004; Unver et al, 2009). In the past decade, a large number 
of miRNAs have been discovered across several plant species; for instance, the 
miRBase database (Kozomara and Griffiths-Jones, 2014) version 21 contained 
8524 mature miRNA sequences for 73 plant species. The majority of these miRNAs 
have been validated using different computational and experimental approaches 
including deep sequencing, cloning, northern blots and real-time PCR (Jones-
Rhoades et al, 2006; Meyers et al, 2006; Sun, 2012). 
 
Comparison of miRNAs in different plant species by expression sequence 
tags (EST) analysis had shown that some miRNAs were highly evolutionary 
conserved among species (Pan et al, 2006). This provided a powerful strategy for 
identifying miRNAs in a new plant species. Identification of miRNAs using EST 
analysis has two significant advantages (Frazier and Zhang, 2011): there is no 
specialized software required and it can be used to identify miRNAs in any species 
if they have previously registered EST sequences. Since ESTs are derived from 
transcribed sequences, EST analysis also provides direct evidence for miRNA 
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expression. In view of these advantages, EST analysis had been used to identify 
conserved miRNAs in several plants including Brassica napus (Xie et al, 2007), 
Medicago trunculata (Zhou et al, 2008), Lycopersicon esculentum (Yin et al, 2008), 
Glycine max (Zhang et al, 2008), Nicotiana tabacum (Frazier et al, 2010), and 
Solanum tuberosum (Xie et al, 2011). In addition, an in silico search of miRNAs in 
public databases and a bioinformatics approach can greatly assist to identify 
miRNAs in several plants (Baloch and Muhammed, 2014) especially those whose 
complete genome sequences are unavailable. It has also been suggested that most 
of the miRNAs predicted from EST analysis can also be identified by high 
throughput deep sequencing (Kwak et al, 2009).  
 
There are several miRNAs considered to be recently evolved that show 
species-specificity and are often expressed at lower levels. Many are tissue 
specific, and are expressed at certain stages in development or under specific 
growth conditions, relative to the highly conserved group of miRNAs (Allen et al, 
2004; Fahlgren et al, 2007).  Next generation sequencing (NGS) technology has 
great promise to generate an accurate and comprehensive picture of the small 
RNA transcriptome in different plants, tissues, and at different developmental 
stages. Using deep sequencing, both species-specific (novel) and conserved 
miRNAs have been identified in diverse plant species such as Arabidopsis 
(Fahlgren et al, 2007; Rajagopalan et al, 2006), tomato (Moxon et al, 2008; Zuo et 
al, 2012), cucumber (Martinez et al, 2011), maize (Wang et al, 2011), peanuts (Chi 
et al, 2011), pepper (Hwang et al, 2013) and rice (Morin et al, 2008). However, 
homology-based searches in databases are not sufficient for identifying miRNAs; 
therefore, other additional criteria have been set for distinguishing miRNAs from 
other types of small RNAs. Predicting the secondary structure of the pre-miRNA 
and calculating the free energy are necessary for reducing the number of false 
positive identified miRNAs (Ambros et al, 2003; Bonnet et al, 2004; Meyers et al, 
2008; Zhang et al, 2005). 
 
Cassava (Manihot esculenta Crantz) is a crop widely grown as a staple food 
and along with maize, sugarcane and rice is a major source of energy for more than 
700 million people in most tropical countries including sub-Saharan Africa (FAO, 
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2013). Apart from its traditional role as a food crop, there is a growing demand 
for cassava starch in a diverse set of industries such as animal feed, paper, textile 
and adhesive as well as an alternative energy resource (El-Sharkawy, 2004). 
Despite the economic importance of cassava and the potential contribution of 
miRNAs to cassava improvement, molecular genetic information regarding 
cassava miRNAs remains sparse. Only recently, 153 conserved miRNAs were 
made available in miRBase (Version 21 for cassava (Kozomara and Griffiths-Jones, 
2014), however other well-studied plant species such as Arabidopsis thaliana, 
Glycine max, Populus trichocarpa and Oryza sativa have 427, 639, 401 and 713 
reported miRNAs in miRBase, respectively (Kozomara and Griffiths-Jones, 2014). 
The miRNAs that are available for cassava on miRBase were obtained by Patanun 
et al., (2013) using a computational prediction method by using homology search 
based on miRNA conservation among different plant species. In addition, Perez-
Quintero et al (2012) analysed small RNA libraries from cassava tissues infected 
and uninfected with Xanthomonas axonopodis, and Zeng et al (2009) studied 
conserved miRNAs in the Euphorbiaceae family. More recently, Ballen-Taborda et 
al. (2013) and Xia et al. (2015) both studied cassava miRNAs expressed under 
abiotic stress conditions.  
 
The identification of a more comprehensive set of miRNAs in cassava is a 
critical step to facilitate our understanding of regulatory mechanisms or 
networks, in particular responses to viral pathogens, of particular interest in our 
laboratory. In this study we employed a combinatorial approach of publicly 
available cassava EST and GSS data in NCBI, and next-generation sequencing-
derived miRNA data collected at 8, 10 and 15 weeks post-planting from two 
cassava landraces, T200 and TME3, to systematically identify conserved and novel 
miRNAs in cassava. Our findings revealed 259, 32 and 289 conserved miRNAs 
using the EST, GSS and NGS data respectively and 39 novel cassava-specific 
miRNAs of low abundance, belonging to 29 families.  In order to understand the 
function of the newly identified conserved and novel miRNAs in cassava, the 
targets of these miRNAs were also identified. The knowledge gained from this 
study contributes to the cassava miRNA database and micronome of this 
important crop, and unveils differences between landraces, which will be 
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beneficial in the long term in linking gene regulation, gene targets and germplasm 
traits.  
 
2.3 Methods and Materials  
Identification of miRNAs in cassava using EST and GSS database 
Sequence databases 
A total of 8524 known plant mature miRNA sequences were downloaded 
from miRBase database (http://www.mirbase.org/; Release 21: June 2014) 
(Kozomara and Griffiths-Jones, 2014). The repeated miRNA sequences were 
removed to avoid redundant miRNAs and the remaining unique sequences were 
used as the reference set. The ESTs (86 310) and GSSs (77,569) available for 
cassava (collected from multiple germplasm) were downloaded from NCBI 
(http://www.ncbi.nlm.nih.gov).  
 
Identification of putative conserved miRNAs in cassava  
Two crucial filter conditions in EST and GSS analysis were used to identify 
conserved miRNAs:  the conservation of mature miRNA sequences and the 
secondary structure of the pre-miRNA (Zhang et al, 2008). The mature sequences 
of all known plant miRNAs were used as a query for homologous searches against 
the cassava EST library and GSS database using BLAST search in CLC Main 
Workbench version 6.6.2. All cassava EST sequences with no more than 3 
mismatches against the query sequences were saved. These initial candidate 
miRNA sequences predicted from the mature reference miRNAs were subjected 
for protein homology search at NCBI using BLASTx 
(http://www.ncbi.nlm.nih.gov/BLAST/) with default parameters and the protein 
coding sequences were removed. 
 
Prediction of stem-loop secondary structures 
The precursor sequences of the potential cassava sequences were 
subjected to hairpin secondary structure prediction using the RNA folding tool 
using default parameters in CLC Main Workbench version 6.6.2. The following 
criteria were used for selecting potential cassava pre-miRNAs (Ambros et al, 2003; 
 80 
Zhang et al, 2005): (1) Pre-miRNA could fold into a typical hairpin secondary 
structure and the mature miRNA was located in one stem;  (2) the length of the 
pre-miRNA was no less than 50 nt; (3) pre-miRNA had a high minimal folding free 
energy (MFE) and MFE index (MFEI), which was calculated by 
MFEI=MFEx100/[length x (G+C%)], where length is the length of the RNA 
sequence and MFE is a negative folding free energy (-ΔG) [72]; (4) the maximum 
number of nucleotide mismatches between the mature miRNA and its opposite 
miRNA* sequence was six; (5) no loops or breaks in miRNA/miRNA* duplex was 
allowed. 
 
 Identification of miRNAs in cassava using Next Generation 
Sequencing (NGS) data  
Micropropagation and acclimatization of cassava 
T200 and TME3 cassava landraces were micropropagated by way of nodal 
culture on Murashige and Skoog (MS) medium (Murashige and Skoog; 1962) 
supplemented with 20g.L-1 sucrose and 2g.L-1 Phytagel™ (Sigma Aldrich), pH 5.8. 
Explants for both landraces were grown under identical conditions, and were 
allowed to grow at 25°C under a 16 h photoperiod. At the appearance of roots (10 
days), plantlets were transferred into Jiffy® pellets which were placed on a tray 
that was covered with plastic film and placed in an insect free, temperature 
controlled growth chamber (28°C; 16-hour photoperiod). Slits were then 
gradually made in the plastic film to facilitate acclimatization of explants. Once 
acclimatised, the plantlets were potted with a 2:1 ratio of potting soil to 
vermiculite.  The potted plants remained in the insect free, temperature-
controlled growth chamber (28°C; 16-hour photoperiod). The average light 
intensity of the growth chamber was 3000 lux. The plants were watered every 
second day and once a month multifeed fertilizer was added to the plants, 
following manufacturer’s instructions. The newly developing upper most leaves 
were collected from the T200 and TME3 plants at 8, 10 and 15 weeks after the 
plantlets had been transferred to the Jiffy® pellets. These time points correlate to 
early, middle and later growth stages. 
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RNA extraction, small RNA library preparation and sequencing 
Total RNA extraction, using a modified high molecular weight polyethylene 
glycol (HMWPEG) protocol (Gehrig et al, 2000), was carried out on leaf tissue 
samples collected from T200 and TME3 at 8, 10 and 15 weeks. Six leaves from 
each plant in the three biological replicate experiments were pooled to reduce 
variation. For each sample, 1g pooled leaf tissue was homogenised in liquid 
nitrogen and added to 5ml preheated (65°C) GHCL buffer (6.5 guanidium 
hydrochloride, 100mM Tris-HCl pH 8.0, 0.1M sodium acetate pH 5.5, 0.1M β-
mercaptoethanol) and 0.1g HMW-PEG (Mr: 20 000, Sigma). The mixture was then 
pelleted by centrifugation (10000xg) for 10 minutes at 4°C. The supernatant was 
treated with 0.1ml 1M sodium citrate (pH 4.0), 0.2 ml 2M NaCl and 5 ml 
phenol:chloroform:isoamyl alcohol (PCI) (25:24:1). The mixture was then 
vortexed vigorously and again pelleted by centrifugation (10000 x g) for 10 
minutes at 4°C. The supernatant was removed and RNA was precipitated by 
adding 5ml isopropanol (propan-2-ol). The mixture was thoroughly mixed and 
incubated at -20°C for 60 minutes and pelleted by centrifugation (10000 x g) for 
25 minutes at 4°C. RNA pellets were washed with 5ml ice-cold 75% molecular 
grade ethanol. RNA Pellets were dried at 37°C for 5 minutes. The pellet was 
resuspended in 100μl preheated (55°C) RNase-free water and 1μl RNase inhibitor 
(Fermentas). Small RNAs were specifically filtered for using the mirVanaTM miRNA 
isolation kit (Ambion Inc), following the manufacturer’s protocol. For cDNA 
library preparation, approximately 500 ng was used as input for the Illumina 
TruSeq Small RNA library preparation kit (Illumina, Inc.) and sequencing libraries 
were created according to the manufacturer’s protocol. Briefly, poly-A containing 
mRNA molecules were purified using poly-T oligo-attached magnetic beads. 
Following purification, the mRNA was fragmented and copied into first strand 
cDNA using random primers and reverse transcriptase. Second strand cDNA 
synthesis was then done using DNA Polymerase I and RNase H. The cDNA was then 
ligated to adapters and enriched with PCR to create the final cDNA library. The 
library was then pooled and sequenced on a HiSeq 2000 (Illumina, Inc.) 
instrument as per manufacturer’s instructions. Sequencing was performed up to 
2 X 101 cycles. Next generating sequencing (NGS) was done using the Illumina 
HiSeq2000 platform at LGC Genomics in Berlin, Germany. 
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 Small RNA sequencing analysis 
Raw reads generated from the Illumina HiSeq2000 system for the 6 small 
RNA libraries were cleaned of sequence adapters using the fast-toolkit 
(htt://hannonlab.cshl.edu/fastx_toolkit/), and low quality tags and small 
sequences (<15 nt long) were excluded. Quality analysis per cycle was performed 
for each library. To eliminate all other small non-coding RNAs, high quality 
trimmed sequences were mapped to rRNA, tRNA and snoRNAs sequences from 
Rfam (Version 12.0). The sequences that mapped completely and had an E-value 
<0.06 were removed from the libraries.  
 
Identification of conserved miRNAs, isoforms, and novel miRNAs  
In this study, CLC Genomics Workbench version 7.1 was used for data 
analyses. The FASTQ files containing the Illumina sequencing adapter clipped 
reads were imported into the CLC Genomics Workbench version 7.1 using the 
Import NGS option. The first step was to extract and count the small RNAs to 
create a small RNA sample that could be used for further analysis. The reads had 
previously had their adapters removed and trimmed. The maximum length of the 
small RNAs counted was set at 30 nt and the minimum length was 18 nt. The 
minimum sampling count was left as default, which was 1.  
 
The small RNA samples produced when counting the tags was enriched by 
CLC Genomic Workbench by comparing the tag sequences with annotation 
resources such as miRBase.  The integrated tool in the workbench was used to 
download miRBase. The downloaded version was the latest version, release 21, 
and was downloaded from 
ftp://mirbase.org/pub/mirbase/CURRENT/miRNA.dat.qz. The downloaded 
miRBase file contains all precursor sequences from the latest version of miRBase 
including annotations defining the mature miRNA regions.  All plant species were 
selected from the list of species in miRBase. All settings were left as default except 
for the maximum mismatches, which was changed to 3.  
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The reads that mapped to the known miRNAs from miRBase with no more 
than 3 mismatches were then aligned to the cassava genome. Only the reads that 
mapped with no mismatches or gaps were considered to be potential miRNAs. In 
order to select for potential cassava pre-miRNAs, the region 250nt upstream and 
downstream from where the read mapped to the cassava genome was folded 
using the RNA folding tool in the CLC genomics workbench and was analysed using 
the secondary structure identification criteria mentioned previously (Ambros et 
al, 2003; Zhang et al, 2005). 
 
In order to predict novel miRNAs from cassava, the miRCat program in the 
UEA small RNA workbench was employed [98]. MiRCat identifies mature miRNAs 
and their precursors from a sRNA dataset and an input genome, AM5602 available 
at Phytozome (http://www.phytozomenet/cassava). The sRNA sequences are 
mapped to the input plant genome using PatMaN (Prüfer et al, 2008) and grouped 
into loci. In order to enrich for miRNA candidates, a number of criteria for the 
determination of a bona fide miRNA loci are applied by the software. In brief, the 
program searches for two-peak alignment patterns of sRNAs on one strand of the 
locus and evaluates the secondary structures of a series of putative precursor 
transcripts using the RNAfold (Hofacker et al, 1994) and randfold (Bonnet et al, 
2004) programs. According to the recent criteria for annotating novel plant 
miRNAs, miRNA star (miRNA*) is one of the most important biogenesis proofs for 
the identification of a novel miRNA (Meyers et al, 2008), and therefore only the 
identified novel miRNAs that had a corresponding miRNA* sequence identified 
were considered at potential cassava specific novel miRNAs. 
 
 Experimental validation of selected miRNAs using reverse-
transcription PCR 
For the RT-PCR (reverse transcription) experimental validation, 7 
conserved miRNAs and 6 novel miRNAs were randomly chosen from the predicted 
cassava miRNAs. The primers for the stem-loop sequences of these chosen 
miRNAs were designed using Integrated DNA technologies Primer Quest tool 
(www.idtdna.com/Primerquest/Home/index (S9 Table). Total RNA was 
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extracted from cassava leaves using the Direct-zolTM RNA MiniPrep (Zymo 
Research), according to the manufacturer’s protocol. cDNA was synthesised using 
the RevertAidTM H minus First Strand cDNA synthesis Kit (Fermentas), according 
to the supplier’s protocol. One hundred ng cDNA was used as template for the PCR. 
The PCR was programmed as follows: initial denaturation at 95°C for 3 minutes 
followed by 34 cycles of denaturation at 95°C for 30 seconds, annealing at 59°C 
for 30 seconds, and extension at 72°C for 30 seconds and final elongation step at 
72°C for 10 minutes. The PCR products were separated through 2% (w/v) agarose 
gel.  
 
Identification of targets and Gene Ontologies 
Target genes were identified using psRNATarget server, an automated 
plant miRNA target prediction server available at 
plantgrn.noble.org.psRNATarget/ (Dai and Zhou, 2011) using the Manihot 
esculenta (cassava), Unigene, DFCI Gene Index.  The analysis parameters were set 
as default. Briefly, the following criteria were set for predicting the potential 
cassava miRNA target genes: (1) not more than four mismatches between 
identified miRNA and target mRNA; (2) no mismatches were allowed between 
positions 10th, 11th because this site was believed as a cleavage site; (3) one 
mismatch was allowed between position 2nd and 12th and up to three 
mismatches between position 12th and 25th; and (4) not more than two 
consecutive mismatches.  To better understand the functions of the newly 
identified potential targets, proteins were allocated gene ontology (GO) terms 
using Uniprot (www.uniprot.org). 
 
2.4 Results and Discussion 
Small RNA sequencing analysis  
In order to identify novel and conserved miRNAs in two cassava landraces, 
six small RNA-enriched libraries were generated from cassava leaves that were 
collected from two cassava landraces, T200 and TME3, at 8, 10 and 15 weeks after 
transferring plantlets from tissue culture to Jiffy® pellets using the Illumina 
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HiSeq2000 system. The small RNA sequencing yielded a total of 64 827 692 raw 
reads for the six libraries (Table 1).  
 
After removing low-quality sequences, adapters, and small sequences (<15 
nt), 68.8% (44 621 667 reads) of the raw reads remained. A final filtering step, to 
obtain the sequences that have sizes between 18 and 26 nt, yielded a total 16 302 
012 reads for the six libraries (Table 1). The 18-26 nt libraries were normalized 
per million read counts in order to compare sRNA abundance data. The next 
filtering step involved the removal of non-coding RNAs such as ribosomal RNA 
(rRNA), transfer RNA (tRNA) and small nuclear RNA (snoRNA). This filtering step 
was performed by conducting a BLASTn search of the small RNA libraries against 
the RNA families database Rfam (Burge et al, 2013) (Table 1). Only sequences with 
perfect matches and an E-value <0.06 were removed from the libraries. 
 
 
 
 
 
 
 
 
 
 
 
The size distribution analysis of small RNA (sRNAs) sequences exhibited a 
similar pattern of length distribution in all libraries. The small RNA length 
distribution (18-26 nt) of each library showed that the most abundant and diverse 
species were those 21 - 24 nt in length (Fig. 2.1), which is typical of Dicer-derived 
products (Axtel, 2013). In all six libraries, while the 21 nt size class is 
characteristic of authentic miRNAs (Axtel, 2013), it was most intriguing to note 
that the 22 nt class was the most abundant, followed by the 23 nt class for T200 at 
8 weeks (24.2%) and T200 at 15 weeks (18.1%).  The 22 nt miRNA or miRNA* 
length is important for triggering secondary siRNA biogenesis (Chen et al, 2010; 
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Dugas and Bartel, 2004). The 22-nt miRNAs or miRNA* are often generated from 
asymmetric miRNA precursors. The asymmetric miRNA precursors affect the 
structure of the miRNA/miRNA* duplex, allowing RISC to recruit the RDR6 and 
SGS3 to trigger the formation of the secondary siRNA (Cuperus et al, 2010; 
Manavella et al, 2012). The 21 nt class sRNAs was under-represented in T200 at 
all 3 time points compared to the 22 nt sRNAs, and for TME3, the percentage of 21 
nt sRNAs only comprised 17% and 11.5% of the total number of sRNAs in the 10 
and 15-week library, respectively. Studies in grapevine (Pantaleo et al, 2010), 
wheat (Yao et al, 2007); Chinese yew (Qiu et al, 2009) and potato (Lakhotia et al, 
2014) also found the 23 nt class to be one of the more abundant size classes in 
their sRNA libraries. The 24 nt sRNA class was less abundant: for the TME3 8 
weeks (15.9%), T200 10 weeks (20.5%) and TME3 15 weeks (19.3%), The 
presence of the 24 nt small RNAs in our libraries may indicate the complexity of 
the cassava genome as they are mainly siRNAs that are associated with repeats 
and heterochromatic modifications (Chen et al 2005, Zhang et al, 2008).  
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Figure 2.1: Sequence length distribution of cassava small RNAs from T200 
and TME3 landraces. Percentage of sequences of 18-26 nt length for each of the 
six sequenced libraries. The majority of the generated reads were 21 to 24 nt in 
length. 
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Identification of conserved miRNAs in cassava  
Identification of potential conserved cassava miRNAs from EST and GSS 
databases  
In order to profile and characterize the potential miRNAs in cassava, a 
comparative genomic approach along with computational and bioinformatics 
tools was used. In this study, 259 miRNAs in cassava from EST data (S1 Table) and 
32 miRNAs from GSS data (S2 Table) were identified.  One of the miRNA families, 
miR2118 identified in this study using the EST database has not been reported in 
cassava in previous studies (Amiteye et al, 2011; Ballen-Taborda et al, 2013; Pérez-
Quintero et al, 2012; Xie et al, 2015; Zeng et al, 2009). The 259 putative cassava 
miRNAs identified using the EST database belong to 13 families. The largest family 
was miR408 with 84 individual members and the smallest families were miR170 
and miR353 with 1 member each (Fig. 2.2A).  The 32 miRNAs identified using the 
GSS database belong to 7 families. The miR166 family was the largest family with 
11 members, while the miR399, miR2275 and miR159 families were the smallest 
only containing 2 members each (Fig. 2.2B). Also, there were 3 miRNA families 
that were identified in both EST and GSS databases, miR159, miR166 and miR399. 
Three miRNAs belonging to the miR166 family were also common to both the EST 
and GSS databases.   
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Figure 2.2: The number of individual miRNAs belonging to each miRNA 
family identified in cassava using (A) EST database and (B) GSS database.  
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Identification of potential conserved cassava miRNAs from high throughput 
next generation sequencing (NGS) data  
In order to confirm EST and GSS data-derived miRNA results, and identify 
additional conserved miRNAs in cassava T200 and TME3 landraces, unique sRNA 
sequences from NGS data at 8, 10 and 15 weeks after transfer from tissue culture 
to Jiffy® pellets were aligned against the known plant miRNAs deposited in 
miRBase (Version 21) with a maximum of three mismatches in CLC genomics 
workbench. A total of 289 potential conserved cassava miRNA sequences 
belonging to 30 miRNA families were identified from both landraces and 
developmental stages collectively in this study (S3 Table). Of the 30 miRNA 
families, the miR166 family was the largest with 33 members.  The four families, 
miR319, miR396, miR482, and miR535 were found to contain 29, 26, 21, and 20 
families, respectively. The remaining 25 families contained less than 20 members 
with 18 of the families containing less than 10 members (Fig. 2.3). It has been 
previously suggested that most of the miRNAs predicted from EST analysis can be 
recovered by high throughput NGS (Kwak et al, 2009). In this study 99 (38.2%) of 
the miRNAs that were identified using the EST database were also identified in the 
NGS data and are highlighted in green in S1 Table. We were also able to identify 9 
(28.1%) of the miRNAs that were identified using the GSS database using the NGS 
data (highlighted in green in S2 Table). 
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Figure 2.3: The number of conserved individual miRNAs belonging to each 
miRNA family identified in cassava T200 and TME3 from deep sequencing 
data.    
 
Characterization of the newly identified conserved cassava 
miRNAs 
EST and GSS data 
Characterization of putative candidate miRNAs is a crucial step for their 
validation as it distinguishes miRNAs from other small RNAs (i.e. tRNAs, rRNAs 
and mRNAs), as reported earlier (Frazier et al, 2010; Wang et al, 2005).  The newly 
identified potential cassava miRNAs characterized from EST and GSS databases, 
using accepted criteria/characteristics are summarized in S1 and S2 Tables.  The 
mature miRNA sequences identified from EST database ranged from 18 to 24 nt.  
The majority (37%) of the miRNAs are 20 nt in length, followed by 21 nt (28%), 
19 nt (19%), 18 nt (11%), 22 nt (4%), and 24 nt (1%) (Fig. 2.4 A). The mature 
miRNAs identified from the GSS database ranged from 18 to 22nt.  The majority of 
the miRNAs either had a length of 19 nt (25%) or 20 nt (25%), followed by 21 nt 
(22%), 18 nt (19%) and 22 nt (9%) (Fig. 2.4 A). These findings are in agreement 
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with previously reported studies in other plants species (Amiteye et al, 2011; 
Frazier et al, 2010; Jones-Rhoades and Bartel, 2004; Panda et al, 2014; Zhang et al, 
2008; Wang et al, 2011).  The lengths of the potential precursor miRNAs varied 
from 100 nt to 775 nt for EST-derived (Fig. 2.4B) data and 76 nt to 187 nt for the 
GSS-derived data (Fig. 2.4B).  These results are similar to previous reports in 
Arabidopsis, potato, and rice (Sunker et al, 2005; Zhang et al, 2006a; Zhang et al, 
2008).  The average A/U% for the pre-miRNAs identified from EST database was 
56% and ranged from 42% to 63% and the pre-miRNAs identified from the GSS 
database also had an average A/U% of 56% and ranged from 47% to 64%. These 
results are in agreement with the criteria described by Zhang et al (2005), as the 
A/U% of a potential pre-miRNA should be with 30-70%. In the stem-loop hairpin 
pre-miRNAs sequences, 66% of the mature miRNAs identified from the EST 
database were located on the 3’ arm, while 34% were located at the 5’ arm. The 
majority (69%) of the mature miRNAs identified from the GSS database were also 
located at the 3’ arm, while 31% were located at the 5’ arm.  
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Figure: 2.4 (A) Size distribution of the conserved mature miRNAs and (B) 
pre-miRNAs identified using the EST database, GSS database and NGS data.  
 
The determination of a hairpin-loop secondary structure of a potential 
miRNA is not enough for distinguishing miRNAs from other types of non-coding 
RNAs (Bonnet et al, 2004; Zhang et al, 2005). The minimal folding free energy 
(MFE) is an important criterion to determine stability of the perfect or near-
perfect secondary hairpin structure of pre-miRNAs. The more negative the value 
of MFE, the higher the thermodynamic stability is of the secondary structure of 
 94 
the precursor sequence. The MFE of the pre-miRNAs identified from the EST 
database ranged from -39.9 kcal/mol to -131.3 kcal/mol. The MFE of the pre-
miRNAs identified from the GSS database ranged from -26.4 kcal/mol to -95.2 
kcal/mol.  The minimal folding free index (MFEI) is an important criterion for 
distinguishing miRNAs from other RNAs. Previous research has suggested that a 
sequence is more likely to be a potential miRNA if the pre-miRNA had a MFEI more 
negative than -0.85 kcal/mol (Zhang et al, 2006b). The putative cassava pre-
miRNAs identified from the EST database MFEIs ranged from -0.847 kcal/mol to -
1.207 kcal/mol. The pre-miRNAs identified from the GSS database MFEIs ranged 
from -0.964 kcal/mol to – 1.183 kcal/mol. Therefore, the cassava pre-miRNAs 
identified in this study had more negative MFEIs than other types of RNAs: tRNA 
(0.64); rRNAs (0.59); mRNAs (0.65) (Zhang et al, 2006b), lending support for their 
identification as pre-miRNAs.  
 
Next Generation Sequencing Data 
A summary of the important characteristics of the miRNAs identified from 
the NGS data from T200 and TME3 landraces can be found in S3 Table. The 
identified potential cassava mature miRNA sequences ranged in size between 18 
– 25 nt in length. Most of the mature miRNAs were 21 nt in length (28.02%) 
followed by 22 nt (23.87%), 20 nt (19.03%), 23 nt (7.9%), 19 (9.68%), 18 nt 
(4.84%), 24 nt (3.11%), and 25 nt (0.34%) (Fig. 2.4 A). Of the 289 identified 
cassava miRNAs, 170 (58.82%) were found to be located on the 3’ arm of the 
hairpin secondary structure, while the remaining 119 (41.17%) were located on 
the 5’ arm. It was also found that miRNAs belonging to the same family miRNA 
family were not required to be located on the same arm of the pre-miRNA. Most of 
the identified cassava mature miRNA sequences began with the base uracil (U) 
(57.78%), which was consistent with previously reported results in other plants 
[28, 73], due to the high affinity of AGO proteins to bind with U base in the 5’ 
terminus of mature miRNAs sequences (Mi et al, 2008).  
The identified cassava miRNA precursor sequences ranged from 70 – 233 
nt in length with an average length of ±127 nt (Fig. 2.4B). The nt composition of 
these precursor sequences had an average G+C% of 44.35% and A +U% of 55.64% 
and A +U% ranged from 34.22% - 73.34%, which is consistent with the miRNA 
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secondary structure filtering criteria by Zhang et al. (2005).  The average MFE of 
the cassava pre-miRNAs was -58.08 kcal/mol. In this study the determined MFEI 
values of the cassava pre-miRNAs ranged from -0.84 to -1.70 kcal/mol, with an 
average of -1.03kcal/mol, strongly supporting the validity of these predicted pre-
miRNAs in cassava.  
 
RT-PCR validation of data 
 
Seven identified conserved miRNAs: miR169, miR170/171, miR408, 
miR476 and miR482/2118 were selected for RT-PCR validation studies. All the 
miRNAs were experimentally validated except for miR482/miR2118 (Fig. 2.5A). 
This could be due to these miRNAs being present at very low levels in cassava or 
they could be tissue or developmental stage specific. The experimental validation 
of these miRNAs provides additional support for the computationally identified 
miRNAs.  
 
 
 
   
 
 
 
 
 
Figure: 2.5 Cassava miRNA RT-PCR expressional validation of the identified 
(A) conserved cassava miRNAs and (B) novel cassava specific miRNAs. The 
product of each sample was separated on a 2% agarose gel. (A) Lane 1 = MWM 
(50bp); Lane 2 = empty; Lane 3 = miR169A; Lane 4 = miR169B; Lane 5 = 
miR482/miR2118; Lane 6 = miR408; Lane 7 = miR170/miR171; Lane 8 = 
miR476A; Lane 9 = miR476B. (B) Lane 1 = MWM (50bp); Lane 2 = mes-6; Lane 3= 
mes-10; Lane 4 = mes-12; Lane 5 = mes-22; Lane 6 = mes-25; Lane 7 = mes-28. 
 
 
A 
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Identification of miRNA isoforms  
Small non-coding RNAs such as miRNAs were initially thought to have a 
specific sequence of a defined length. Identification of more miRNAs from 
different species has revealed that there is variation in pre-miRNA processing. A 
single miRNA locus can give rise to multiple distinct isomiRs that differ in their 
length and sequence composition (Neilsen et al, 2011). In the conventional plant 
miRNA biogenesis pathway, the 5’ and 3’ ends are specified by consecutive 
cleavage events of the primary transcript by the ribonuclease Dicer-like 1 (DCL) 
(Bartel, 2004). In this study in cassava, of the 289 conserved miRNAs identified in 
T200 and TME3 using NGS data, 208 were isomiRs. These 208 isomiRs belonged 
to 27 families. The most frequently observed type of isomiR in both plants and 
animals is the 3’ isomiRs, in terms of both number of miRNAs displaying these 
variations and their overall abundance (Burroughs et al, 2010; Newman et al, 
2011). Seventy-nine (±38%) out of the 208 isomiRs in this study were also found 
to be 3’ isomiRs.  
IsomiRs are categorised into three main classes: 5’ isomiRs, 3’ isomiRs, and 
polymorphic isomiRs, with 5’ and 3’ isomiRs subclassified into templated or non-
templated modifications (Burroughs et al, 2010). Heterogeneity in length can 
arise from the imprecise cleavage by DCL, in which case the miRNA sequences will 
match the parent gene but will vary in length, a situation referred to as ‘templated’. 
Length heterogeneity can also arise by exonucleases ‘nibbling’ off the end, which 
produces a shorter templated product, which is referred to as sub-templated. 
They can also arise from post-transcriptional addition of one or more bases, which 
is referred to as super. The addition of these bases can result in the end matching 
the parent gene, templated, or the end may not match the parent gene and is 
known at non-templated. Polymorphic isomiRs harbour different internal 
nucleotide sequences, but these are relatively rare (Burroughs et al, 2010).  Forty-
three of the 3’ isomiRs from T200 and TME3 were classified as sub-templated and 
36 were classified as super-templated. The super templated 3’ isomiRs were 
further divided into 33 super templated and 3 super non-templated. The second 
largest class was the 5’ isomiRs. There were 45 (±22%) 5’ isomiRs divided into 16 
sub templated and 29 super templated. Twelve polymorphic isomiRs were 
identified with either 1 or 2 nucleotides involved in a mismatch between the 
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isomiR and the reference miRNA. There were also 52 identified isomiRs that had 
changes in length at both the 5’ and 3’ ends but contained no sequence differences 
between itself and the reference miRNA. Twenty isomiRs contained both length 
differences at both ends as well as polymorphic changes.  
IsomiRs were also identified using the EST and GSS databases. For the 
miRNAs identified from the EST database, 101 of the potential cassava miRNAs 
were completely identical to their reference miRNA, while 158 were variants of 
their reference miRNA and are isomiRs (bolded in S1 Table). The largest class of 
isomiRs was the 3’ sub templated (31.6%), followed by the polymorphic class with 
(24.1%), the 5’ sub templated class (22.8%), the 3’ sub polymorphic class (12%), 
5’ sub polymorphic class (7%) and the 5’ and 3’ sub templated class (2.5%). For 
the miRNAs identified from the GSS database, 12 of the 32 were identical to their 
reference miRNAs and 10 were isomiRs (bolded in S2 Table). Again the largest 
class was the 3’ sub templated class (60%) followed by the 5’ sub templated class 
(20%), 3’ sub polymorphic class (10%) and the 5’ and 3’ sub templated and 
polymorphic classes with 5% each. No super isomiRs were identified in the EST 
and GSS databases.  The main processing steps in the canonical miRNA biogenesis 
pathway are the sequential cleavage steps catalysed by the Dicer endonucleases 
(Kim, 2005), which are a source of templated miRNA variation. However, the fact 
that variability is most commonly associated with the 3’ end suggests that other 
processing activities contribute to the distribution pattern. Insights form 
Argonaute (AGO) crystallographic studies for example, indicating that the 5’ ends 
of the microRNAs are buried within the MID domain, whereas the 3’ ends extend 
from the PAZ domain and are therefore available to exonucleolytic attack (Schirle 
and Macrae, 2012), causing shortening. Also, most nucleotidyl transferases that 
catalyse the addition of nucleotides are 5’ – 3’ polymerases, thereby causing an 
abundance of nontemplated nucleotide extensions at 3’ rather than 5’ ends 
(Martin and Keller, 2007).  
 
Identification of novel miRNAs  
Using the miRCat program in the UEA small RNA workbench (Stocks et al, 
2012), 39 novel cassava-specific miRNAs belonging to 29 families were identified 
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and were named mes-1 to mes-29 (Table 2; S4 Table). The largest family was mes-
28 containing 3 members. Seven families contained 2 members and the remaining 
22 families only contained a single member (Fig. 2.6). The low abundance (< 3) of 
miRNAs in each family (Fig. 2.6) strongly suggests that these are cassava-specific 
miRNAs. Montes et al. (2014) have suggested from their study of miRNAs in 
vascular plants that the majority (92 to 99%) of species-specific new miRNAs 
occur in low abundance of less than 10 RPM. The majority of the identified 
potential novel miRNAs in this study were 22 nt in length (47%) followed by 21 
nt (38%), 24 nt (9%), 20 nt (4%), and 19 nt (2%) respectively (Fig. 2.7 A). Most of 
the novel mature miRNA sequences began with the base uracil (U), which is 
consistent with previously reported results in other plants (Dhandapani et al, 
2011), due to the high affinity of AGO proteins to bind with U base in the 5’ 
terminus of mature miRNAs sequences (Mi et al, 2008). The average length 
distribution of the predicted novel miRNA precursor sequences was 120.5 nt (Fig. 
2.7 B). The mes-16 family exhibited the shortest precursor length of 67 nt, 
whereas the mes-7 and mes-8 family members exhibited the longest precursor 
length of 212 nt. The nt composition of the newly identified potential cassava 
novel miRNA precursor sequences had an average A+U content of 55.1% and G+C 
content of 44.8%. The average minimal folding free energy (MFE) of the potential 
cassava novel pre-miRNAs was -58.9 kcal/mol. In this study, the MFEI for the 
novel miRNA precursors ranged from -0.89 to -1.56 kcal/mol with an average of -
1.12 kcal/mol, which agrees with the important rule that plant miRNA precursors 
should have a MFEI more negative than -0.85 kcal/mol. 
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Figure 2.6: The number of individual cassava-specific miRNAs belonging to 
each novel miRNA family identified in cassava using NGS data. 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Size distribution of the (A) novel mature miRNAs and (B) pre-
miRNAs identified in the deep-sequencing data 
 
It was observed that different miRNAs belonging to the same miRNA family 
were produced from the same scaffold and hairpin. mes-17a and mes-17b were 
both produced from the same hairpin that is located in scaffold 00631. This was 
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also observed for mes-19a and mes-19b that were produced from the same 
hairpin located in scaffold 09876. It was also found that miRNAs belonging to 
different miRNA families could be produced from the same hairpin. Mes-20a, mes-
20b and mes-21 were all produced from the same hairpin located in scaffold 
01701. However, mes-6, mes-22 and mes-29 were produced from different 
hairpins but all the hairpins were located in scaffold 03581. This was also 
observed for mes-8 and mes-9 that had two cases of members being derived from 
different hairpins that were located in the same scaffold, scaffold 03429 and 
scaffold 06557 (S4 Table).  
 
Not all the novel miRNAs identified in this study were identified in both 
cassava landraces at all three growth stages post transfer of explants from tissue 
culture (8, 10 and 15 weeks). Only 17 miRNAs were identified in the T200 
landrace and 8 were T200 specific. In TME3 21 of the novel miRNA families were 
identified and 12 of them were TME3 specific. These results are summarized in 
Table 2. In both the 8 and 10 week samples, 12 novel miRNA families were 
identified. The 15 week samples had 23 of the novel miRNA families being 
identified. Only 5 of the identified novel miRNAs were reported for both cassava 
landraces and in all three developmental stages post explant establishment, 
namely mes-12, mes-13, mes-22, mes-25 and mes-28 (Table 2). Notwithstanding 
that different spatial expression patterns of miRNAs may occur, T200 and TME3 
were cultivated under the same growth conditions in the growth chamber, and 
differences in expression between the landraces are therefore likely a 
consequence of temporal factors and genotype.  
 
A small subset of the newly identified novel cassava miRNAs were 
experimentally validated using RT-PCR. The randomly selected 6 novel miRNAs: 
mes-6, mes-10, mes-12, mes-22, mes-25 and mes-28 were used for the RT-PCR 
validation studies. All 6 novel miRNAs were experimentally validated (Fig. 2.5B). 
This experimental validation of these miRNAs strengthens the expressed nature 
for computationally identified miRNAs. 
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Comparison of current study with previous studies involving 
cassava miRNA identification  
The first homology-based comparative genomics cassava study was by 
Amiteye et al. (2011). They used 212 previously reported Arabidopsis thaliana 
mature miRNA and precursor sequences that were available in miRBase Version 
14 as a reference for a BLASTn search against the publicly available cassava EST 
database at NCBI (Table 3). This approach resulted in the identification of 35 
individual miRNAs belonging to 17 families and their corresponding target genes 
in cassava that were also conserved in other plant species. However, the ESTs 
representing 7 of these miRNA families produced foldback structures that showed 
more than 3 nts not involved in canonical base pairing within a loop or bulge in 
the mature miRNA:miRNA* duplex. These miRNA families should not have been 
considered as true miRNAs as they do not follow all the miRNA identification 
criteria by Ambros et al. (2003) and Zhang et al. (2006b). These families are 
highlighted in italics in Table 4. Also, there were also 3 miRNA families that had a 
MFEI less negative than -0.85 kcal/mol. Plant pre-miRNAs should have a MFEI 
more negative than -0.85 kcal/mol (Zhang et al, 2006b) and these 3 families 
should also not be considered as true miRNAs (bolded in Table 4). 
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The study by Perez-Quintero et al. (2012) addressed the role of miRNAs 
in the Manihot esculenta-Xanthomonas axonopodis pv. manihotis (Xam) 
interaction. NGS was used for analysing small RNA libraries from cassava leaf 
and stem tissue infected and uninfected with Xam. A full repertoire of cassava 
miRNAs was characterized, which included 114 individual conserved miRNAs 
belonging to 56 families and 12 novel cassava-specific miRNAs.  This study 
used NGS to identify miRNAs in cassava and all available mature Viridiplantae 
miRNAs obtained from miRBase release (Version 16) were used as the 
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reference when conducting the BLASTn search against the deep-sequencing 
reads (Pérez-Quintero et al, 2012) (Table 4). This was also the first study to 
identify cassava-specific miRNAs. A subsequent report by Patanun et al. 
(2013), based on homology-based computational prediction, aimed to extend 
the cassava miRNA knowledge by using all reported plant miRNAs deposited 
in miRBase (V.16) to search against the cassava genome provided by 
Phytozome (http://www.phytozomenet/cassava) (Table 4). The cassava 
genome available at Phytozome was generated from the cassava cultivar 
AM5602. This study resulted in the identification of 169 individual conserved 
miRNAs belonging to 34 families in cassava (Table 4).  
 
Ballen-Taborda et al. (2013) used NGS and different bioinformatics 
methods to identify potential cassava miRNAs expressed in different tissues of 
the cassava cultivar TAI16 subjected to abiotic stress (heat and drought 
conditions), and the authors identified 821 novel miRNAs, but these were not 
submitted to miRBase. In comparison to Ballen-Taborda et al., a NGS study by 
Xie et al. (2015), profiling miRNAs and target mRNA genes from cassava cv. 
SC124 plants that experienced severe and moderate chilling stresses, 
identified 163 individual conserved miRNAs belonging to 32 families and 17 
cassava-specific miRNAs (Table 4).  Our study combined a homology-based 
computational prediction approach using the publicly available cassava EST 
and GSS databases at NCBI as well as a NGS of two different cassava landraces 
at three developmental stages (8, 10 and 15 weeks).  Available Viridiplantae 
mature miRNAs from the updated miRBase V.21 were used as the reference 
for a BLASTn search for both approaches. In comparison to the previously 
mentioned studies above, NGS data from our study unveiled 289 individual 
miRNAs conserved in other plant species and 39 new previously unreported 
putative cassava-specific miRNAs (Table 4).  Using the EST cassava database, 
200 (77.2%) of the identified conserved individual miRNAs had not been 
reported in the above previous studies. Using the GSS cassava database, 22 
(68.8%) of the identified individual conserved miRNAs had not been reported 
in the above previous studies, while NGS data revealed 230 (79.6%) of the 
individual conserved miRNAs had not been reported in the above previous 
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studies. Additionally, we identified a miRNA family (miR2118) using the EST 
cassava database (underlined in Table 4) that have not been reported in the 
above previous studies. For the novel cassava-specific miRNAs identified in 
this study, only one had been reported in a previous study. Therefore, 98.6% 
of the novel miRNAs identified in this study have not been previously reported. 
The miRNAs that were reported in the previous studies are bolded in S2-5 
Tables. From Tables 3 and 4, it is clear that the results of miRNA discovery 
studies in cassava varied depending on which miRNA identification method 
was used, which cultivar/landrace was studied, and not unexpectedly, if the 
plant underwent any biotic or abiotic stresses. 
 
Evolution of the identified conserved miRNA families in cassava 
A small set of miRNAs has been detected in several major lineages of land 
plants (Axtell and Bowman, 2013). Twenty-one miRNA families (miR156, miR159, 
miR160, miR162, miR164, miR166-169, miR171, miR172, miR319, miR390, 
miR393-399, and miR408) seem to be universally expressed among diverse plant 
species (Fig. 2.8). A subset of these miRNA families is more ancient, because it is 
also present in gymnosperms, lycopods and bryophytes (Axtell and Bowman, 
2013). Eight miRNA families (miR156, miR159/319, miR160, miR166, miR171, 
miR408, miR390/391, and miR395) have been identified in the common ancestor 
of all embryophytes. The miR396 family is present in the common ancestor of all 
tracheophytes (vascular plants). The miR397 and miR398 families were acquired 
in the common ancestor of all spermatophytes (seed plants). Ten families 
(miR162, miR164, miR167, miR168, miR169, miR172, miR393, miR399 and 
miR827) are present in all angiosperm lineages (Fig. 2.8). All of the above miRNA 
families were identified in cassava T200 and TME3 in this study.  
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Figure 2.8: Evolutionary conservation of the thirty-four miRNA families 
identified in cassava within the plant species belonging to the 
Magnoliophyta Division (also known as Angiosperms) reported in miRBase 
(v. 21). Closely related species are shown in the same colour. 
 108 
Populus trichocarpa and Ricinus communis (castor bean) had 79.4% and 
61.7% of miRNA families in common with cassava (Fig. 2.8). This was expected as 
both these Euphorbiaceous species are closely related to Manihot esculenta, and 
Populus trichocarpa has been well studied in terms of its micronome, with 401 
mature miRNAs available on miRBase V.21. However, interestingly, Populus 
euphratica is also closely related to cassava but did not have a single miRNA family 
on common with cassava. This could be due to the lack of information available 
about its micronome as there are only 4 mature miRNAs available on miRBase (V. 
21) for this plant species. Glycine max is a very well-studied plant species with 639 
mature miRNAs present on miRBase V.21 but while it is not closely related to 
cassava, interestingly, it shares 73.5% of the miRNA families with cassava.  
 
At least nine families (miR441, miR444, miR818, miR821, miR1435, 
miR2118, miR2275 and miR582) likely arose in the monocot lineage (Cuoerus et 
al, 2011). However, in this study both the miR2118 and miR2275 were identified 
in cassava. MiR2118 has also been reported in 7 other dicot plant species in 
miRBase (V.21) (Sun, 2012), including the well-studied Glycine max species. 
MiR2275 has also been reported in cassava by Patanun et al. (2013) and it has 
been accepted by miRBase as a true cassava miRNA. In rice both of these miRNA 
families have been implicated in secondary siRNA production. MiR2118 mediates 
the recruitment of 21 nt secondary siRNA-generating machinery and miR2275-
targeted transcripts generate 24 nt siRNAs (Johnson et al, 2009).  
 
Identification of targets 
The prediction of miRNA targets is a significant step for validation of the 
newly identified cassava miRNAs. Most plant miRNAs have perfect or near perfect 
complementarity with their targets to regulate gene expression at post-
transcriptional level (Bartel, 2004; Schwab et al, 2005).  Based on this mechanism 
of miRNAs in plants, a homology search-based method was used for miRNA target 
prediction in cassava using psRNATarget server. The newly identified conserved 
and novel miRNAs in cassava were used as queries in the psRNATarget to predict 
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the potential mRNA targets.  Targets for conserved and novel miRNAs are detailed 
in S5 and S6 Tables, respectively. 
 
Identification of targets for conserved miRNAs 
Endogenous miRNAs act as negative regulators of gene expression by 
facilitating the cleavage of target mRNAs or by repressing their translation. The 
cleavage of target mRNAs seems to be a prime mode of gene regulation in plants 
(Sunkar et al, 2005).  In this study, 77.5% of the targets identified in cassava were 
repressed through cleavage while on 22.4% were repressed through translation. 
A total of 262 targets were identified for 32 of the conserved miRNA families 
identified in cassava using EST and GSS databases, and NGS data. The miR156 
family had the most targets (41) followed by the miR166 family with 29 targets 
and miR396 with 20 targets (Fig. 2.9). Only 111 of the targets were annotated with 
a known function. Transcription factors are important components in the 
transcription process and play an important role in a variety of biological 
functions, and therefore it was no surprise to observe 4 miRNA families (miR166, 
miR169, miR319 and miR408) in cassava were associated with 9 transcription 
factors. Several studies have indicated that miRNAs directly target the 
transcription factors that regulate plant development as well as specific genes that 
control various metabolic processes (Fujita and Iba, 2008).  The miR169 family 
targets the CCAAT-binding transcription factor and the nuclear transcription 
factor Y subunit A-8. The CCAAT-binding transcription factor is a sequence-
specific DNA binding transcription factor that is involved in double fertilization 
forming a zygote and endosperm. The nuclear transcription factor Y subunit A-8 
stimulates the transcription of various genes by recognising and binding to a 
CCAAT motif in promoters (Gusmaroli et al, 2002). The miR408 family targets a 
probable WRKY transcription factor 71 that interacts specifically with the W box 
(5’-(T) TGAC [CT]-3’), which is a frequently occurring elicitor-response cis-acting 
element (Ulker and Somssich, 2004).  
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Fig. 2.9 Number of targets predicted for each identified conserved miRNA in cassava  
 
The miR168 family, targeting AGO1, was also identified in cassava in this 
study. AGO1 is involved in RNA-mediated post-transcriptional gene silencing 
(PTGS). It is the main component of the RNA-induced silencing complex (RISC) 
that binds to a short guide RNA such as microRNA (miRNA) or small interfering 
RNA (siRNA) (Baumberger and Baulcombe, 2005). RISC then uses the mature 
miRNA or siRNA as a guide for slicer-directed cleavage of homologous mRNAs to 
repress gene expression. AGO1 mainly associates with miRNAs of 21 nt in length 
and preferentially recruits small RNAs with a 5' terminal uridine (Mi et al, 2008; 
Takeda et al, 2008).  It also associates with 22 nt miRNAs to trigger RDR6-
dependent secondary siRNAs biogenesis (Cuperus et al, 2010). This pathway 
amplifies silencing by using the target RNA as substrate to generate secondary 
siRNAs. It also binds to miR168, which targets its own mRNA for repression, 
establishing a homeostatic regulatory loop. AGO1 is involved in antiviral RNA 
silencing by contributing to viral RNA clearance (Zhang et al, 2006a). This protein 
is also essential for multiple processes in development, including proper 
development of leaves and floral organs, and formation of axillary meristems. Like 
AGO10, it is required for stem cell function and organ polarity (Bohmert et al, 
1998; Unver et al, 2009). 
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Identification of targets in cassava-specific novel miRNAs 
In this study, 37 putative targets were predicted for 17 of the novel miRNA 
families identified in cassava (Fig. 2.10). Mes-24 had the most targets, 6, followed 
by mes-20 and mes-6 with 4 targets, and mes-12 and 18 with 3 targets. The 
remaining novel miRNA families had 1 or 2 targets each.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: The number of targets predicted for the novel miRNA families 
identified in cassava.  
 
Some of the targets identified for the novel miRNAs were known targets for 
some conserved miRNA families. An example is the mes-24 family with one of its 
targets being the Myb1 transcription factor. This transcription factor is a well-
documented target for the miR159 family. An interesting target was the NBS-LRR 
Resistance protein RGH1, which is known to be involved in defence mechanisms 
in plants against pathogens. The cleavage of target mRNAs seems to be a prime 
mode of gene regulation in plants (Sunkar et al, 2005). The majority of the novel 
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miRNAs (70.5%) use cleavage to repress their targets, while 29.5% use translation 
as their repression mechanism.  
 
GO annotations  
To further understand the functions of the identified conserved and novel 
cassava miRNAs, the identified targets underwent GO term analysis. The results of 
this analysis are summarised in S7 Table and S8 Table. GO term analysis allows 
the miRNA-gene regulatory network to be characterised in terms of molecular 
function, biological process and cellular component.  The collective targets in 
T200 and TME3 from 3 developmental stages for the conserved miRNAs were 
involved in 101 molecular functions and 192 biological processes. The targets for 
the novel miRNAs were involved in 26 molecular functions and 37 biological 
processes. The top ten of the GO terms for each of the three GO categories for the 
targets identified for the conserved and novel miRNAs are represented in Fig. 2.11 
and Fig. 2.12. When comparing these results in the figures, the targets of the 
conserved and novel miRNAs had six molecular function terms, three biological 
processes terms and seven cellular components in common. These results suggest, 
not unexpectedly, that the cassava miRNAs are involved in various biological 
processes such as oxidation-reduction process, response to biotic and abiotic 
stresses, regulation of transcription and translation, transport, growth and 
development, and metabolism. 
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Figure 2.11: The top ten GO terms for the three GO categories for the targets identified for the conserved cassava miRNAs.  
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Figure 2.12: The top ten GO terms for the three GO categories for the targets identified for the novel cassava miRNAs. 
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Secondary siRNA production  
Many miRNAs, such as miR390 can direct their targets to generate phased 
trans-acting siRNAs (tasiRNAs) biogenesis, and the tasiRNAs then regulate other 
gene expression (Zhang et al, 2005; Allen et al, 2005). MiRNA-dependent 
transacting siRNAs (tasiRNAs), also known as phased siRNAs, are generated from 
noncoding TAS loci as well as protein-coding transcripts, and the secondary 
siRNAs can silence additional genes (Chi et al, 2011; Howell et al, 2007). These 
miRNAs that trigger tasiRNAs are usually 22 nt in length. Notably, the miR390 
identified in this study was not the typical 22 nt tasiRNA triggering 22 nt but was 
found to be 21 nt. This was also observed in a study by Montes et al, (2014). They 
found that the miR390 family was the only tasiRNA initiator to be present in all 
plant species studied and at high abundances but not expressed as a 22 nt.  A 
member of the miR482 family identified in this study was also found to be 22 nt. 
Studies demonstrate that members of the miR482/2118 superfamily initiate large 
numbers of phased, secondary tasiRNA accumulation from plant NB-LRR class of 
resistance genes. For example, in tomato, sequence diverse members of the 
miR482 family target large numbers of NB-LRR mRNAs, which in turn produce 
phased tasiRNAs (Shivaprasad et al, 2012), while in Medicago truncatula miR2118 
causes large amounts of phased secondary tasiRNAs from NB-LRR mRNAs (Zhai et 
al. 2011).  
 
2.5 Conclusion 
In this study, 259 conserved miRNAs belonging to 32 families were 
identified using EST database, 32 conserved miRNAs belonging to 7 families 
identified using GSS database and 289 conserved miRNAs belonging to 30 families 
and 39 novel miRNAs belonging to 29 families were identified in T200 and TME3 
landraces in deep-sequencing data. Also, 200 (77.2%) of the miRNAs in the EST 
library, 22 (68.8%) of the miRNAs identified in GSS, 230 (79.6%) of conserved 
miRNAs and 38 (98.6%) of the novel miRNAs identified in deep-sequencing data 
have not been previously reported in cassava. The mR2118 family identified in 
study has not been previously reported for cassava in other studies.  However, we 
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could not experimentally detect this family using RT-PCR and this could be due to 
low expression levels or specificity of miRNA.  Montes et al. (2014) observed low 
miRNA abundance and conservation of mR2118. We observed that miRNA 
abundance increased as the conservation of the sequence increased and that our 
unique cassava specific miRNAs had an abundance of less than 5 RPM.  By 
comparing miRNA identification in cassava in this study with others, it was 
demonstrated that the method used for miRNA identification, cultivar/landrace of 
cassava and environmental conditions can affect the miRNAs that are identified. It 
is notable that some divergence of miRNAs has taken place since cassava was 
introduced into West Africa in the 16th century [99]. Differences between TME3 
and T200 landraces can be hypothesised to have arisen from geographical 
separation and adaptation as T200 (history not known) is found in drier regions 
of southern Africa, while TME3 originates West Africa. Variations could have 
arisen from hybridizations with local wild Manihot species in different locations 
over the past few hundred years. While this research has unveiled some more 
important features of the cassava miRNAome, a large number of germplasm-
specific cassava miRNAs of low abundance are likely not to have been detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 117 
Chapter 3 
 
Comparison of microRNA 
populations in South African cassava 
mosaic virus infected tolerant and 
susceptible cassava landraces 
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3.1 Abstract 
South African cassava mosaic virus (SACMV) belongs to the family 
Geminiviridae and is one of the causal agents of cassava mosaic disease (CMD). 
MicroRNAs (miRNAs) comprise a large group of 21 – 24 nt RNA molecules that 
play a crucial role in stress response in plants, including biotic stress caused by 
viral infection. Viruses however can interfere with and exploit the silencing-based 
regulatory networks, causing the deregulation of miRNAs. This study aimed to 
understand the regulation of miRNAs in tolerant (TME3) and susceptible (T200) 
cassava landraces infected with SACMV. Next-generation sequencing was used for 
analysing small RNA libraries from infected and non-infected cassava leaf tissue 
collected at 12, 32 and 67dpi (days post-inoculation), and normalized against 
mock-inoculated samples. A full repertoire of cassava miRNAs was characterized, 
which included conserved and novel cassava-specific families. The total number 
of differentially expressed miRNAs across all three time points was 204 and 209 
miRNAs, in TME3 and T200 infected plants, respectively, but the patterns of 
log2fold changes in miRNA families over the course of infection differed between 
the two landraces.  A high number were significantly altered at 32 dpi when T200 
and TME3 plants showed severe symptoms. Notably, in T200 69% and 28 (100%) 
of miRNA families were upregulated at 12 and 32 dpi, respectively.  In contrast, 
TME3 showed an early pre-symptomatic response at 12 dpi where a high number 
(87%) of miRNAs showed a significant log2fold downregulation. Endogenous 
targets were predicted in the cassava genome for many of the identified miRNA 
families including RNA silencing associated proteins, transcription factors, 
resistance (R)-genes and transposable elements. Interestingly, some of the miRNA 
families (miR162, miR168 and miR403) that were significantly affected in both 
T200 and TME3 upon SACMV infection were shown to target proteins (DCL1, 
AGO1 and AGO2) that play important roles in the RNA silencing pathway. 
Significantly, these miRNA families demonstrated opposite overall expression 
change patterns between TME3 and T200. From the results, we suggest that the 
early (12 dpi) downregulated miRNA response to SACMV in TME3 involves 
upregulation of PTGS-associated AGO1, DCL2 and a cohort of R genes belonging to 
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the miR395 family which may prime the plant for tolerance and recovery 
downstream, while in T200, SACMV suppresses AGO1, AGO2 (at 32 and 67 dpi), 
and DCL2 (32 dpi) mediated RNA silencing, leading to severe persistent disease 
symptoms.  This study provides novel insights into miRNA-mediated SACMV 
cassava interactions and may provide useful targets for control strategies aimed 
at developing CMD-resistance cassava varieties. 
 
3.2 Introduction  
Due to their sessile lifestyle, plants inevitability suffers all kinds of abiotic 
and biotic adversity, particularly pathogen-induced plant disease. Annually, 
typical pathogens including viruses, bacteria and fungi can cause a tremendous 
loss in cassava production (FAO, 2014). To effectively fight against these 
pathogens, plants activate precise molecular defences to recognise and resist the 
intruders (Tsuda and Katagiri, 2010). Simultaneously, successful pathogens in 
turn evolve diverse counter-defence strategies to avoid or suppress host 
immunity (Pumplin and Voinnet, 2013). During the past decade, small RNAs 
(sRNAs) have also been found to be key players in mediating plant-pathogen 
interactions as well as many other biological processes. There are two main 
classes of sRNAs, microRNAs (miRNAs) and short interfering RNAs (siRNAs) 
(Voinnet, 2009), which play a role in post transcriptional gene silencing (PTGS) or 
transcriptional gene silencing (PTGS). 
 
miRNAs are endogenous short (~21-24 nt) single-stranded non-coding 
small RNAs that play important roles in development of multicellular organisms 
and influence the output of many protein-coding genes (Bartel, 2004). miRNA 
families are highly conserved (Axtell and Bartel, 2005), even though highly 
specific, recently evolved, miRNA genes have also been observed during the 
evolutionary process (Voinnet, 2009). Some of the non-conserved miRNAs are 
generally expressed at low levels, in specific cells, or under specific growth 
conditions (Rajagopalan et al, 2006). They are transcribed from nuclear MIRNA 
genes by RNA polymerase II (RNA pol II) into primary miRNAs (pri-miRNAs). The 
pri-miRNAs are then processed in plants by Dicer-like proteins (DCL) into 
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precursor miRNAs (pre-miRNAs), which form a characteristic hairpin-like 
structure (Jones-Rhoades et al, 2006). A subsequent processing step by DCL slices 
the pre-miRNA to form a miRNA:miRNA* duplex (~21-24 nt).  The duplex is then 
methylated and exported from the nucleus to the cytoplasm where it is recognised 
by an argonaute (AGO) protein and incorporated onto the RNA-induced silencing 
complex (RISC). Only the mature miRNA strand (usually the one having less stable 
5’ end pairing) is retained in the complex, while the passenger strand (miRNA*) 
strand in most cases is degraded (Mateos et al, 2011).  Mature miRNAs silence 
target genes by degrading or repressing the mRNA transcripts at the post-
transcriptional level (Brodersen et al, 2008; Kurihara and Watanabe, 2004). An 
important difference between plant and animal miRNAs is that the regulatory 
targets of plant miRNAs can be predicted with a fair degree of confidence, simply 
by identifying mRNAs with near perfect complementarity (Rhoades et al, 2002). 
Plant miRNAs have a high degree of sequence complementarity to their target 
mRNAs in the middle (10th and 11th nucleotide) of the complementary regions 
(Llave et al, 2002; Tang et al, 2003). This has been demonstrated by the detection 
of 3’ cleavage products that have 5’ ends that start in the middle of the 
complementary regions. This is mediated by AGO1 (Baumberger and Baulcombe, 
2005; Qi et al, 2005).  miRNAs are involved in diverse processes such as 
development (Jones-Rhoades et al, 2006; Mallory and Vaucheret, 2006), response 
to nutrients (Chiou, 2007), and environmental stresses (Phillips et al, 2007). They 
also play critical roles in resistance or susceptibility to pathogens such as plant 
viruses (Balmer and Mauch-Mani, 2013; Khraiwesh et al, 2012; Pradman et al, 
2015; Ramesh et a, 2014; Singh et al, 2012; Wang and Luan, 2015).  
 
The foundation of better understanding the function of disease-associated 
miRNAs in plants depends on biological experimentation and gene mining 
(bioinformatic) prediction for discovering miRNAs (de Planell-Saguer and 
Rodicio, 2011). Among them, high-throughput next-generation sequencing (NGS) 
is frequently adopted to uncover global disease-related miRNA expression. High-
throughput sequencing detects both known (conserved) and novel miRNAs by 
constructing small RNA libraries, followed by screening of mature miRNA 
sequence length, pre-miRNA structure and minimal free folding energy. The 
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advantages of NGS are the large data quantity and high-throughput analysis 
(Zhang and Wang, 2015), thus, it has been extensively applied in discovering 
miRNAs in plant disease. For example, via high-throughput sequencing, one novel 
and 57 conserved miRNAs were discovered to show differential expression levels 
in B. cinerea-infected tomato leaves (Jin and Wu, 2015) and thirty-three Populus 
miRNAs were induced when the host was subjected to canker disease pathogen 
infection (Chen et al, 2012).  
 
Geminiviruses are an important group of plant viruses with small circular, 
single-stranded (ss) DNA genomes that replicate as minichromosomes in the 
nucleus of infected cells (Hanley-Bowdoin et al, 1999). Viruses of the family 
Geminiviridae are divided into four genera based on insect vectors and genome 
organisation (Brown et al, 2015). Whitefly-transmitted geminiviruses are 
classified in the genus Begomovirus and constitute the largest genus that causes 
economically important diseases throughout the tropical and sub-tropical regions 
of the world (Stanley et al, 2005; Varma and Malathi, 2003; Mansoor et al, 2003).  
South African cassava mosaic virus is one such begomovirus first reported in South 
Africa (Berrie et al, 1998; Berrie et al, 2001) SACMV is bipartite, with the genome 
consisting of two ssDNA components, known as DNA A and DNA B, of 
approximately equal size (~2.8kb). SACMV DNA A consists of six open reading 
frames, AC1-AC4 in the complementary sense and 2 ORFs (AV1 and AV2) 
expressed in the sense direction. Both AC2 and AC4 of begomoviruses have been 
shown to be virus suppressors of host RNA immunity (RNA silencing) (Bisaro, 
2006). 
 
Plant virus infections can result in disease symptoms that may include 
chlorosis and/or necrosis, curling, stunting and altered plant stature and 
morphology, presumably caused by interference of the infection with 
developmental processes (Zaitlin and Hull, 1987). In recent years, it has been 
proven experimentally that the short interfering RNAs (siRNAs), and in particular 
miRNAs, play important roles in plant development and are implicated in host-
pathogen interactions (reviewed in Balmer and Mauch-Mani, 2013; Ramesh et al, 
2014).  Studies have also suggested that viruses can suppress gene expression and 
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use endogenous RNA-silencing pathways to regulate host gene expression, 
presumably to benefit virus replication (reviewed in Csorba et al, 2015; Zhang and 
Qu, 2014). However, the underlying mechanisms that control these activities 
remain unclear. Several studies have demonstrated that viral suppressors of RNA 
silencing can interfere with miRNA-mediated regulation of host genes (Chapman 
et al, 2004, Kasschau et al, 2003). These studies showed that viral proteins 
interfere with miRNA pathways, although it is unclear whether it is part of the 
virus replication strategy or a side effect due to the connection between the siRNA 
and miRNA pathways. For example, transgenic expression in plants of the AC4 
protein from African cassava mosaic virus (ACMV), a suppressor of post-
transcriptional gene silencing (PTGS) (Vanitharani et al, 2004), was correlated 
with decreased accumulation of host miRNAs and increased developmental 
abnormalities in Arabidopsis thaliana (Chellappan et al, 2005). Furthermore, 
miRNA-regulation of transcription factors, signalling and hormones, and R 
(resistance) genes, have been implicated in plant virus disease etiology (Liu et al, 
2015; Singh et al, 2012). Recent studies have implicated transcriptome 
reprogramming (Allie et al, 2014) and R genes (Louis and Rey, 2015) in 
susceptibility and tolerance/recovery in T200 and TME3 landraces, respectively.   
 
Cassava (Manihot esculenta) is a subsistence staple crop whose roots 
constitute the main source of calories for more than a billion people around the 
world (Dahniya, 1994; Nassar et al, 2002; Burns et al, 2010; Latif and Muller, 
2014). miRNAs have also been proved to be pivotal molecules in plant-pathogen 
interactions (reviewed in Balmer and Bauch-Mani, 2013). Even though miRNAs 
have been identified in cassava (Pérez-Quintero et al, 2012; Rogans and Rey, 
2016), there have been no reports regarding the role of miRNAs in cassava 
infected by viruses. The aim of this study was therefore to identify and analyse the 
change in expression of conserved and novel miRNAs in SACMV-infected 
landraces. A SACMV-susceptible (T200) and SACMV-tolerant (TME3) cassava 
landrace were used in this study in order to compare differences in miRNA 
responses to SACMV. In addition to displaying a disease tolerant phenotype, TME 
also recovers from initial symptoms (Allie et al, 2014). Recovery from virus 
pathogens is characterized by initial severe systemic symptoms which 
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progressively decrease, resulting in a reduction or disappearance of symptoms in 
newly developed leaves (Bengyella et al, 2015). Symptom recovery is generally 
accompanied by reduced virus titres and sequence-specific resistance to 
secondary infection.  and has also been linked with the induction of antiviral RNA 
silencing. Symptom remission or recovery has been reported in several 
geminivirus-plant interactions for example in Pepper golden mosaic virus infected 
pepper (Rodriquez-Negrete et al, 2009; 2013), and has been associated with TGS 
and PTGS mechanisms (reviewed in Ghoshal and Sanfaçon, 2015). Tolerance 
describes the extent to which the host is able to withstand infection without undue 
damage (Robinson, 1969). The National Academy of Science (Anon, 1968) defines 
tolerance as “the ability of a host plant to survive and give satisfactory yield at a 
level of infection that causes economic loss to other varieties of the same host 
species “. In this study, leaf samples were collected at 12, 32 and 67 days post 
infection (dpi) as these time points cover the development of disease (early, 
symptomatic and late/recovery) and allows us to study the changes in miRNA 
expression as disease develops.   
 
3.3 Materials and Methods 
 
Micropropagation and acclimatization of T200 and TME3 
landraces 
T200 and TME3 cassava landraces were micropropagated by way of nodal 
culture on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) 
supplemented with 20 g.L-1 sucrose and 2 g.L-1 Phytagel™ (Sigma Aldrich), pH 
5.8. The explants for both landraces were grown under identical conditions in the 
same growth cabinet, and were allowed to grow at 25°C under a 16-hour 
photoperiod. At the appearance of roots (10 days), plantlets were transferred into 
Jiffy® pellets which were placed on a tray that was covered with plastic film and 
placed in an insect free, temperature controlled growth chamber (28°C; 16 h 
photoperiod). Slits were then gradually made in the plastic film to facilitate 
acclimatization of explants. Once acclimatised, the plantlets were potted with a 2:1 
ratio of potting soil to vermiculite.  The potted plants remained in the insect free, 
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temperature-controlled growth chamber (28°C; 16 h photoperiod). The average 
light intensity of the growth chamber was 3000 lux. The plants were watered 
every second day and once a month multifeed fertilizer was added to the plants, 
following manufacturer’s instructions.  
 
Plant growth and SACMV agro-inoculation of cassava T200 and 
TME3 landraces  
Once the T200 and TME3 plantlets were acclimatized and had reached the 
4 to 6 leaf stage (approximately 6 weeks), they were either co-inoculated with a 
total of 60 µl of full length head-to-tail dimers of SACMV DNA-A and DNA-B (Berrie 
et al, 2001) mobilized in Agrobacterium tumefaciens (Agrobacterium) AGL1 
(OD600 of ±0.8) or were mock inoculated with only Agrobacterium.  Both mock 
and infected plants were grown under the same environmental conditions as 
stated above. Agrobacterium containing either SACMV DNA-A or SACMV-DNA-B 
were cultured independently of each other in Luria broth with working 
concentrations of 100mg/l carbenicillin and 100mg/l kanamycin. Cultures were 
incubated at 30°C until an optical density (OD600) of ±0.8 was attained. Each 
culture was pelleted at 8000 rpm. Pellets were washed in sterile water in a 
repeated spin at 8000 rpm. Water was removed and pellets were resuspended in 
200µl of Luria Broth (i.e. 200ul LB/ml of Agrobacterium culture. Each plant was 
inoculated with 60 µl (20 µl at three different points along the stem below the 
apical leaves) of SACMV inoculum, using a 1 ml Hamilton syringe. Control plants 
were mock-inoculated in parallel, with 100 µl of Agrobacterium only.  
 
DNA extractions and Quantitative Real-time PCR (qPCR) of SACMV 
  For each time point (12, 32 and 67 dpi) symptoms were recorded as 
described in Allie et al, 2014). For each biological experiment, the two leaves 
closest to the apex were harvested from six plants, for both infected and mock-
inoculated plants. This was repeated for two additional biological experiments. A 
total of 36 apical leaves per time point from the 3 experiments were pooled.  Total 
nucleic acid (TNA) was isolated from these SACMV infected and mock-inoculated 
leaves using a modified CTAB-based extraction method (Doyle and Doyle, 1987). 
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From the extracts, fifty milligrams of fresh leaf tissue was homogenized in liquid 
nitrogen. The resulting tissue powder was suspended in 500 μl of CTAB extraction 
buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 0.1 M TRIS-HCl, pH 8.0). One μl of 2-
mercaptoethanol was added to the suspension, which was incubated at 65 °C for 
1 h. The suspension was then purified twice by a chloroform: isoamyl alcohol 
(24:1) solution and precipitated with isopropanol. The TNA was recovered at 
13000 x g at 4 °C for 10 min. Recovered TNA pellets were washed in 70% ice-cold 
ethanol and later resuspended in TE buffer (10 mM TRIS-HCl, 1 mM EDTA, pH 7.5) 
as well as treated with 1 μl of RNAse A (10 mg/ml) overnight at 4 °C. The purity of 
the TNA was assessed using the NanoDrop ND-100 Spectrophotometer 
(NanoDrop Technologies). 
  
Determination of the viral titre in T200 and TME3 plants was achieved by 
real time qPCR of TNA extracted from both landraces at time points 12, 32 and 67 
dpi. TNA samples were all standardised to a concentration of 100 ng/μl.  
Duplicates of each pooled sample were prepared as well as a template-free control 
(NTC) of nuclease-free water. For each sample, a 20 μl reaction was set up in 
LightCycler capillaries containing 1 μl of 100 ng of leaf tissue TNA added to 4 μl 
LightCycler ® FastStart DNAMaster Plus SYBR Green I (Roche), 1 μl forward coat 
protein primer (10μM) 5’ACGTCCGTCGCAAGTACGAT3’, 1 μl reverse coat protein 
primer (10 μM) 5’ATTGTCATGTCGAATAGTACG 3’ and 14 μl nuclease-free water. 
A 150 bp fragment was amplified and quantified using the following amplification 
conditions: 95°C for 10 min, followed by 35 cycles of 95°C for 10 secs, 60°C for 10 
secs, and 72°C for 15 secs.  A single fluorescence measurement was taken at the 
end of each extension step during the PCR amplification cycle. A melting curve 
(65°C-95°C) with a heating ramp rate of 0.1 °C/sec and a continuous fluorescence 
measurement was conducted after the amplification and quantification cycle.  A 
166 bp PCR product of ubiquitin was amplified from 100 ng of the same TNA 
samples used for viral quantification, which served as an internal loading control. 
Primers used were previously tested in cassava. Primer sequences used were 
UBQ10 (fwd): 5’ TGCATCTCGTTCTCCGATTG 3’ and UBQ10: 5’ 
GCGAAGATCAGTCGTTGTTGG 3’ previously described for cassava in Moreno et al 
(2001).  
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RNA extraction, small RNA library preparation and sequencing 
Total RNA extraction, using a modified high molecular weight polyethylene 
glycol (HMWPEG) protocol (Gehrig et al, 2000), was carried out on leaf tissue 
samples collected from T200 and TME3 at 12, 32 and 67 dpi. For each time point 
and sample, total RNA was extracted from the top two apical leaves from six plants 
in each of three biological replicates and pooled.  For each sample, 1 g pooled leaf 
tissue was homogenised in liquid nitrogen and added to 5 ml preheated (65°C) 
GHCL buffer (6.5 guanidium hydrochloride, 100 mM Tris-HCl pH 8.0, 0.1M sodium 
acetate pH 5.5, 0.1M β-mercaptoethanol) and 0.1g HMW-PEG (Mr: 20 000, Sigma). 
The mixture was then pelleted by centrifugation (10000 x g) for 10 min at 4°C. The 
supernatant was treated with 0.1ml 1M sodium citrate (pH 4.0), 0.2 ml 2 M NaCl 
and 5ml phenol:chloroform:isoamyl alcohol (PCI) (25:24:1). The mixture was 
then vortexed vigorously and again pelleted by centrifugation (10000 x g) for 10 
min at 4°C. The supernatant was removed and RNA was precipitated by adding 
5ml isopropanol (propan-2-ol). The mixture was thoroughly mixed and incubated 
at -20°C for 60 min and pelleted by centrifugation (10000 x g) for 25 min at 4°C. 
RNA pellets were washed with 5 ml ice-cold 75% molecular grade ethanol. RNA 
Pellets were dried at 37°C for 5 min. The pellet was resuspended in 100 μl 
preheated (55°C) RNase-free water and 1μl RNase inhibitor (Fermentas). 
Enrichment of small RNAs was achieved using the mirVanaTM miRNA isolation kit 
(Ambion Inc.), following the manufacturer’s’ protocol.  The mirVana™ miRNA 
Isolation Kit is designed for purification of RNA suitable for studies of both siRNA 
and miRNA in natural populations and yields highly enriched small RNA species 
smaller than about 200 bases. For each cDNA library preparation, approximately 
500 ng sRNA was used as input for the Illumina TruSeq Small RNA library 
preparation kit (Illumina, Inc.) and sequencing libraries were created according 
to the manufacturer’s protocol. The libraries were sequenced on a HiSeq 2000 
(Illumina, Inc.) instrument as per manufacturer’s instructions. Sequencing was 
performed up to 2 X 101 cycles. Next generating sequencing (NGS) was done using 
the Illumina HiSeq2000 platform at LGC Genomics in Berlin, Germany. 
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Small RNA sequencing analysis 
Raw reads for the 12 small RNA libraries were cleaned of sequence 
adapters using the fast-toolkit (htt://hannonlab.cshl.edu/fastx_toolkit/), and low 
quality tags and small sequences (<15 nt long) were excluded. Reads for each 
library were filtered for Phred quality scores greater than 20.  To eliminate all 
other small non-coding RNAs, high quality trimmed sequences were mapped onto 
rRNA, tRNA and snoRNAs sequences from Rfam (Version 12.0). The sequences 
that mapped completely and had an E-value <0.06 were removed from the 
libraries and were excluded from further analysis.  The sequenced libraries were 
predicted to have reads within the range ~15-60 nt.   Small RNAs in the range of 
18 – 26 nt were extracted and the sRNA abundance was calculated. Reads were 
also normalized per million to take into account different NGS reads from each of 
the 12 libraries.  
 
Prediction of Conserved miRNAs 
The miRProf tool available in the UEA workbench (Stocks et al, 2012) was 
used to produce the expression profiles of the filtered 18-26 nt sRNAs that 
matched known miRNAs in miRBase (v.21) (Kozomara and Griffiths-Jones, 2014). 
The cassava genome, AM5602 available from Phytozome 
(http://www.phytozomenet/cassava) was used for database search and 
annotation with 3 mismatches allowed between the miRNA in miRBase and the 
sRNA. The miRNAs that were predicted by miRProf were aligned to the cassava 
genome AM5602. Only the miRNAs that mapped with no mismatched or gaps 
were considered to be potential miRNAs. In order to select for potential pre-
miRNAs, the region 250 nt upstream and downstream from where the potential 
miRNA mapped to the cassava genome was used for secondary structure analysis 
using the RNA-folding tool in the CLC Genomics Workbench.    The following 
criteria were used for selecting potential cassava pre-miRNAs (Ambros et al, 2003, 
Zhang et al, 2005): (1) Pre-miRNA could fold into a typical hairpin secondary 
structure and the mature miRNA was located in one stem;  (2) the length of the 
pre-miRNA was no less than 50 nt; (3) pre-miRNA had a high minimal folding free 
energy (MFE) and MFE index (MFEI), which was calculated by 
MFEI=MFEx100/[length x (G+C%)], where length is the length of the RNA 
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sequence and MFE is a negative folding free energy (-ΔG) (Zhang et al, 2006); (4) 
the maximum number of nucleotide mismatches between the mature miRNA and 
its opposite miRNA* sequence was six; (Zhang et al, 2004) no loops or breaks in 
miRNA/miRNA* duplex was allowed. 
 
Prediction of Novel miRNAs 
The miRCat tool in the UEA small RNA workbench (Stocks et al, 2012) was 
used to identify the novel cassava-specific miRNAs based on the abundance and 
secondary structure (Moxon et al, 2008). MiRNAs that are not present in the 
miRBase database or have a very low identity with the known miRNAs are 
considered to be novel species-specific miRNAs. MiRCat predicts miRNAs from 
high-throughput sRNA sequencing data without requiring a putative precursor 
sequence. The sRNA sequences were mapped to the input plant genome, AM5602, 
using PatMaN (Prüfer et al, 2008) and grouped into loci. In order to enrich for 
miRNA candidates, the software applies a number of criteria for the determination 
of a bona fide miRNA loci. In brief, the program searches for two-peak alignment 
patterns of sRNAs on one strand of the locus and evaluates the secondary 
structures of a series of putative precursor transcripts using the RNAfold 
(Hofacker et al, 1994) and Randfold (Bonnet et al, 2004) programs. According to 
the recent criteria for annotating novel plant miRNAs, miRNA star (miRNA*) is one 
of the most important biogenesis proofs for the identification of a novel miRNA 
(Meyers et al, 2008), and therefore only the identified novel miRNAs that had a 
corresponding miRNA* sequence identified were considered at potential cassava 
specific novel miRNAs. 
 
Identification of Targets and Gene Ontologies 
Target genes were identified using psRNATarget server, an automated 
plant miRNA target prediction server available at 
plantgrn.noble.org.psRNATarget/ (Dai and Zhao et al, 2011) using the Manihot 
esculenta (cassava), Unigene, DFCI Gene Index.  The analysis parameters were set 
as default. Briefly, the following criteria were set for predicting the potential 
cassava miRNA target genes: (1) not more than four mismatches between 
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identified miRNA and target mRNA; (2) no mismatches were allowed between 
positions 10th, 11th because this site was believed as a cleavage site; (3) one 
mismatch was allowed between position 2nd and 12th and up to three 
mismatches between position 12th and 25th; and (4) not more than two 
consecutive mismatches.  To better understand the functions of the newly 
identified potential targets, proteins were allocated gene ontology (GO) terms 
using Uniprot (www.uniprot.org). 
 
Stem-loop RT-PCR for the experimental validation of selected 
conserved miRNAs  
Primer design  
The primers for the six individual miRNAs that belonged the miR162, 
miR168 and miR403 families, that were under investigation, and the two miR166 
individuals that were used as the references were designed according to Chen et 
al, (2005) and are listed in S1 table. The stem-loop reverse transcription (RT) 
primers have a universal backbone and a specific extension. The universal 
backbone sequence is designed to form a stem-loop structure because of the 
complementarity between the nucleotides in the 5’- and 3’- ends. It includes the 
reverse complement of the universal reverse primer site in the loop region. The 
specificity of a stem-loop RT primer to an individual miRNA is conferred by a six-
nucleotide extension at the 3’-end. This extension is the reverse complement of 
the last six nucleotides at the 3’-end of the miRNA.  Forward primers are specific 
to the miRNA sequence but exclude the last six nucleotides at the 3’-end of the 
miRNA. A 5’ extension of five to seven nucleotides is added to each forward primer 
to increase the length and the Tm. These sequences were chosen randomly and 
are relatively GC rich.  
 
Stem-loop Pulsed Reverse Transcription (cDNA synthesis) 
The RevertAid H Minus First Strand cDNA synthesis kit (ThermoFisher 
Scientific) was used following manufacturer’s instructions with some 
modifications. Stem-loop RT primers (1 μM) were denatured by heating at 65°C 
for 5 min and then incubated on ice for 2 min. The cDNA synthesis reaction was 
prepared using 4μl of 5x reaction buffer, 1 μl Ribolock, 2μl of 10mM dNTP mix, 1μl 
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RevertAid Reverse transcriptase, 10 μl water, 1 μl of the denatured stem-loop RT 
primers and 1μl of RNA (10ng) extracted from the leave samples that were 
collected at 32 dpi. Three replicates per RT reaction were prepared. A single “no 
RNA” control was also prepared. The conditions for the Stem-loop pulsed RT 
reaction were an initial incubation of 16°C for 30 min followed by pulsed RT of 60 
cycles at 30°C for 30 secs, 42°C for 30 sec and 50°C for 1 sec. The reverse 
transcriptase was then inactivated at 85°C for 5 min.        
 
A qPCR master mix was prepared for each miRNA using the standard 
reaction of 5μl 2x Maxima SYBR Green/ROX qPCR master mix (ThermoFisher 
Scientific), 0.3 μl miRNA-specific forward primer, 0.3 μl of universal reverse 
primer and 3.4 μl water. Nine μl of the master mix was pipetted into each well of 
a 96-well plate. One μl of the RT product was then added to each well. The qPCR 
samples were incubated at 95°C for 10 min followed 40 cycles of 95°C for 15 secs, 
60°C for 30 sec and 72°C for 30 sec using the LC480 light cycler (Roche). Melting 
curve analysis was performed by denaturing the sample at 95°C, then cooling to 
65°C at 20°C/sec. The florescent signals were collected at 530 nm wavelength 
continuously from 65 to 95°C at 0.2°C/s. The relative expression software tool 
(REST) was used to analyse the qRT-PCR data using the crossing points (Pfaffl et 
al, 2002).  
 
3.4 Results and Discussion  
Symptom development of tolerant and susceptible cassava 
landraces infected with SACMV 
T200 and TME3 plantlets were monitored for 67 days for symptom 
development and SACMC viral titre following agro-inoculation. Leaf samples were 
collected at three time points (12, 32 and 67 dpi), which represents the progress 
of disease development, where 12 days post inoculation (dpi) reflects early 
infection (pre-symptomatic), and 32 dpi represents symptomatic infection and 
high virus replication.  At a later stage of infection, 67 dpi, the recovery phenotype 
is observed in TME3 (symptom-free newly developing leaves) whereas the 
susceptible and symptomatic phenotype is observed in T200.  No symptoms were 
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observed in TME3 or T200 plants at 12 dpi.  Symptoms (described in detail in Allie 
et al, 2014) were first observed in both landraces at approximately 15 dpi. At 32 
dpi all newly emerging leaves displayed mosaic and leaf curling for both T200 and 
TME3. TME3 leaves displayed the recovery phenotype at 67dpi where newly 
emerged leaves had no or reduced symptoms, compared with T200 (typical 
yellow mosaic on leaves as well as leaf distortion and leaf curling). The mock-
inoculated plants did not develop any disease symptoms over the course of the 
study.  
 
For both susceptible T200 and tolerant TME3, viral load was highest at full 
systemic infection (32 dpi), but the concentration of SACMV DNA-A was 
significantly lower (2.5 x 102 and 2.24 X 104) molecules/ng of leaf tissue at 32 and 
67 dpi, respectively) in TME3 compared with T200 (1.87 X 103 and 3.19 X105). The 
virus titre observations in this study were similar to the infectivity study reported 
by Allie et al. (2014). 
 
Deep sequencing of small RNAs from mock inoculated and SACMV-
infected T200 and TME3 landraces 
For each sample, total RNA was extracted from the top two apical leaves 
from six plants in each of three biological replicates and pooled, and the 12 
enriched DNA libraries were sequenced using the Illumina HiSeq 2000 Analyser. 
All 12 libraries generated had Phred score values of greater than 20. High-
throughput sequencing of sRNA populations yielded a total of 186 291 006 raw 
reads. The SACMV libraries produced a total of 121 469 314 raw reads and the 
mock libraries produced a total 64 821 692 raw reads. After filtering out adapter 
sequences and junk reads (length <15 nt) according to the criteria of Illumina’s 
Genome Analyser pipeline software, the total read count dropped down to 157 
702 020, with the number of reads in the SACMV and Mock libraries dropping to 
100 554 198 and 57 147 822, respectively (S2 Table).  
 
Reads in the size range of 18-26 nt that did not match known plant tRNA, 
rRNA and snoRNA in the Rfam database, were selected for further analysis.  The 
total number of 18-26 nt reads was 19 412 720, with the SACMV and mock 
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libraries containing 3 110 708 and 16 302 012 reads, respectively. The 18-26 nt 
libraries were normalised per million read counts in order to compare sRNA 
abundance data. The size distribution analysis of the small RNA (sRNA) sequences 
exhibited a similar pattern of length distribution in all libraries. Small RNA reads 
of each size class (18 to 26 nt) were calculated as a percentage of total sRNA 
population counts. The most abundant and diverse species in each library were 
21 -24 nt in length (Fig. 3.1), which is typical of Dicer-derived products (Axtel, 
2013). Any quantitative changes representing more than 10% of reads were 
considered significant.   In tolerant TME3, the greatest change in the number of 
sRNA reads (expressed as percentage of total normalized reads) was at the early 
non-symptomatic 12 dpi phase where there was a significant increase (13 to 40%) 
in 21 nt sRNA from mock to SACMV infected leaf tissue. However, in T200 the 
greatest change was at 32 dpi, when symptoms become visible, with the number 
of sRNAs increasing from 5 to 18%.  In mock-inoculated TME3 the 22 nt RNAs 
were more abundant at 12 and 67 dpi. The most noteworthy difference between 
SACMV-infected tolerant TME3 and susceptible T200 was that 21 nt (12 dpi) and 
22 nt (67 dpi) sRNAs were the most abundant in TME3 (40%) and T200 (33%), 
respectively.  Interestingly, in T200, while 22 nt sRNAs were predominant in 
SACMV-infected leaf tissue, there was a significant decrease in SACMV-infected 
compared with mock-inoculated leaves at 12 (31 to 13%) and 32 (46 to 16%) dpi. 
The 21 nt size class is characteristic of authentic miRNAs (Axtel, 2013). The 22 nt 
miRNAs or miRNA* are often generated from asymmetric miRNA precursors. The 
asymmetric miRNA precursors affect the structure of the miRNA/miRNA* duplex, 
allowing RISC to recruit the RDR6 and SGS3 to trigger the formation of the 
secondary siRNAs (Manavella et al, 2012). The presence of the 24 nt small RNAs 
in our libraries represent siRNAs that are associated with genome repeats and 
heterochromatic modifications (Axtel, 2013).  
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Figure 3.1: Sequence length distribution of cassava sRNAs generated from 
next generation sequencing. A (SACMV-infected) and C (Mock-inoculated) 
represent the NGS data generated from TME3 landrace. B (SACMV-infected) and 
D (Mock-inoculated) represent the NGS data generated for T200. The majority of 
the generated reads for both landraces mock, and SACMV-infected were 21 – 24 
nts in size (indicated by the purple boxes).  
 
Identification of miRNAs in cassava 
Identification of conserved miRNAs in cassava 
The majority of plant miRNA families are evolutionary conserved from 
species to species within the plant kingdom (Pan et al, 2006, Denzulian et al, 
2006). This conserved nature has greatly enhanced the identification of conserved 
miRNAs, especially in organisms where DNA sequence information is not yet 
complete. The 12 filtered sRNA libraries were analysed for potential conserved 
miRNAs using the miRProf tool available in the UEA sRNA Toolkit (Stocks et al, 
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2012). This tool is able to determine the normalised expression levels of sRNAs 
matching known miRNAs in miRBase (V.21) (Kozomara and Griffiths-Jones, 2014) 
and results for the TME3 and T200 libraries are available in supplementary tables 
(S3 and S4 tables). Characterisation of putative miRNAs and pre-miRNA 
candidates is a crucial step for their validations as it distinguishes miRNAs from 
other small RNAs (i.e. tRNAs, rRNAs and mRNAS) (Frazier et al, 2010; Xie et al, 
2010; Wang et al, 2012).  
  
miRNAs are classified into families according to the nucleotide sequence of 
the mature miRNAs, with identical or very similar sequences grouped into the 
same family. Members of the same family normally have the same targets. A total 
of 269 individual miRNA sequences belonging to 34 families were identified in the 
TME3 libraries (Fig. 3.2A). All 34 of the miRNA families were identified in the 
SACMV libraries, however only 32 of the families were identified in the mock 
libraries (miR482 and miR7500 families were not detected). While it is possible 
that these miRNAs occur in too low an abundance to be detected, and mock library 
sRNA reads for all 6 samples were consistently lower than the SACMV-infected 
libraries, we hypothesise that miR482 and miR7500 families are induced by 
SACMV infection. Induction of certain miRNA families following plant virus 
infection is well documented (Balmer and Mauch-Mani, 2013; Lui et al, 2015; 
Ramesh et al, 2014; Wang et al, 2015).  It is unlikely that this finding is due to 
different genetic backgrounds of the landraces as miR482 and miR7500 families 
were not detected in both T200 and TME3 mock leaf tissue.  The miR482 family 
interestingly target the TIR-NBS-LRR and CC-NBS-LRR classes of disease 
resistance (R) proteins, but no targets for the miR7500 family could be identified.  
This family has also been identified in Gossypium hirsutum according to miRBase 
(Kozomara and Griffiths-Jones, 2014), however no targets for miR7500 have been 
identified in of this plant species. Of the 296 individual miRNAs identified in the 
TME3 libraries, 193 individual miRNAs were identified in the mock libraries, 
while 244 individual miRNAs were identified in the SACMV libraries. There were 
also 25 miRNAs that were absent from the SACMV libraries but present in the 
mock libraries and 75 miRNAs were absent from the mock libraries but present in 
the SACMV libraries.   
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Figure 3.2 A and B: The number of conserved individual miRNAs identified 
in the TME3 (A) and T200 (B) mock and SACMV-infected libraries. A total of 
269 individual miRNA sequences belonging to 34 families were identified in the 
TME3 libraries and a total of 294 individual miRNA sequences belonging to 33 
families were identified in the T200 libraries. The miR7500 family was only 
identified in TME3 and not in T200. More individual miRNAs were identified in 
T200 than in TME3  
 
A higher number of individual miRNAs were identified in the T200 libraries 
compared to the TME3 libraries, with a total of 294 individual miRNA sequences 
belonging to 33 families identified in T200 libraries (Fig. 3.2B). All 33 families 
were identified in the SACMV libraries, however only 29 of the families were 
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identified in the mock samples. As was the case for TME3, the miR482 family was 
absent from the mock libraries. Additionally, the miR384, miR394 and miR477 
families were also absent from the mock libraries.  Of the 294 individual miRNAs 
identified in the T200 libraries, 232 and 243 individual miRNA sequences were 
identified in the mock and SACMV libraries, respectively.  Fifty-one and 62 
individual miRNA sequences were identified only in the mock or SACMV libraries, 
respectively.   
 
Secondary structure analysis of the conserved miRNAs was successful in 
identifying miRNAs in TME3 and T200 landraces and a summary of the important 
characteristics of the miRNAs identified from the NGS data can be found in S5 and 
S6 Tables. Characterisation of putative candidate miRNAs is a crucial step for their 
validation as it distinguished miRNAs from other small RNAs (i.e. tRNAs, rRNAs 
and mRNAs), as reported earlier (Frazier et al, 2010; Xie et al, 2010; Wang et al, 
2012). The potential cassava mature miRNA sequences identified from the TME3 
mock and SACMV-infected libraries ranged in size between 18-24 nt while in the 
T200 mock and SACMV-infected libraries they ranged from 18 - 23 nt. The largest 
size class was the 21 nt class for both landraces.  The potential pre-miRNAs 
identified in the TME3 libraries ranged from 73 to 245 nt with an average of 
134.34 nt. The pre-miRNAs identified in the T200 libraries had a similar length 
range, 72 nt to 245 nt with an average of 134.26 nt.  These results are similar to 
previous reports in other plant species (Sunker et al, 2005; Zhang et al, 2006a; 
Zhang et al, 2008).  The determination of a hairpin-loop secondary structure of a 
potential miRNA is not enough for distinguishing miRNAs from other types of non-
coding RNAs (Adai et al, 2005; Bonnet et al, 2004; Zhang et al, 2005). The minimal 
folding free energy (MFE) is an important criterion to determine stability of the 
perfect or near-perfect secondary hairpin structure of pre-miRNAs. The more 
negative the value of MFE, the higher the thermodynamic stability is of the 
secondary structure of the precursor sequence (Prabua and Mandal, 2010). The 
MFE of the pre-miRNAs identified in the TME3 libraries ranged from -27.9 
kcal/mol to -99.6 kcal/mol with an average of -61.29 kcal/mol and in the T200 
libraries –27.9 kcal/mol to -99.6 kcal/mol with an average of -61.56 kcal/mol. The 
minimal folding free index (MFEI) is an important criterion for distinguishing 
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miRNAs from other RNAs. Previous research has suggested that a sequence is 
more likely to be a potential miRNA if the pre-miRNA had a MFEI more negative 
than -0.85 kcal/mol (Ambros et al, 2003; Zhang et al, 2006). The putative cassava 
pre-miRNAs identified in the TME3 libraries ranged from -0.83 kcal/mol to -1.49 
kcal/mol with an average of -1.06 kcal/mol and in the T200 libraries it ranged 
from -0.80 kcal/mol to -1.49 kcal/mol with an average of -1.05 kcal/mol. 
Therefore, the cassava pre-miRNAs identified in this study had more negative 
MFEIs than other types of RNAs: tRNA (0.64); rRNAs (0.59); mRNAs (0.65) (Zhang 
et al, 2006), lending support for their identification as pre-miRNAs.  
 
Identification of Novel miRNAs in cassava  
Many miRNA sequences are highly conserved within the same kingdom, 
whereas others are species specific. Species-specific novel miRNAs are also known 
to have low expression compared to conserved miRNAs (Cuperus et al, 2011) and 
therefore or are difficult to identify by conventional methods. However, recently 
established high-throughput sequencing technologies together with powerful 
bioinformatics tools have allowed efficient identification of not only conserved 
miRNAs but also low-abundance miRNAs in several plant species (Fahlgren et al, 
2007; Sunkar et al, 2008; Pantaleo et al, 2010).  Using the miRCat program in the 
UEA small RNA workbench (Stocks et al, 2011) and based on the primary criteria 
for annotating novel miRNAs that miRNAs shall form a stem-loop precursor with 
miRNA* (Meyers et al, 2008), a total of 71 novel miRNAs that can form predicted 
secondary structures with their corresponding miRNA* sequence were identified 
in the TME3 and T200 mock and SACMV-infected libraries. The newly identified 
cassava-specific miRNAs were named mes-1 to mes-58 (S7 Table). Forty-two 
individual novel miRNAs belonging to 41 families were identified in the TME3 
libraries.  Twenty and 12 miRNA families were only detected in the SACMV or 
mock libraries, respectively.  Thirty-three individual novel miRNAs belonging to 
31 families were identified in the T200 libraries with only 15 miRNA families 
identified in the SACMV libraries and only 8 families identified in the mock 
libraries. Interestingly, from these results, it is evident that the number of miRNA 
families detected in infected leaf tissue in both susceptible and tolerant landraces 
increased compared with mock infected plants.  
 138 
 
A summary of the important characteristics of the novel cassava-specific 
miRNAs identified in TME3 and T200 libraries can be found in S7 Table. The 
identified potential novel cassava-specific mature miRNA sequences in the TME3 
libraries ranged in size between 18 - 24 nt while in the T200 libraries they ranged 
from 21 - 24 nt. The largest size classes were the 22 nt and 21 nt class for TME3 
and T200 landraces, respectively.  The potential pre-miRNAs identified in the 
TME3 libraries ranged from 67 nt to 212 nt with an average of 129.16 nt. The pre-
miRNAs identified in the T200 libraries had a similar length range of 60 nt to 212 
nt, with an average of 113.03 nt. The MFE of the pre-miRNAs identified in the 
TME3 libraries ranged from -41.5 kcal/mol to -114.6 kcal/mol with an average of 
-54.97 kcal/mol.  In the T200 libraries the MFE ranged from -0.86 kcal/mol to -
114.6 kcal/mol.  As previously mentioned, the MFEI has to be calculated for the 
potential cassava novel miRNA precursors in order to distinguish a true miRNA 
from other RNAs precisely (Adai et al, 2005; Bonnet et al, 2004; Zhang et al, 2005). 
The putative cassava pre-miRNAs identified in the TME3 libraries ranged from -
0.83 kcal/mol to -1.49 kcal/mol, with an average of -1.09 kcal/mol, and in the 
T200 libraries it ranged from -0.86 kcal/mol to -1.57 kcal/mol, with an average of 
-1.09 kcal/mol. Therefore, the cassava pre-miRNAs identified in this study had 
more negative MFEIs than other types of RNAs: tRNA (0.64); rRNAs (0.59); 
mRNAs (0.65) (Zhang et al, 2006), lending support for their identification as pre-
miRNAs. 
 
Stem-loop RT-PCR for the experimental validation of selected miRNAs  
With increasing interest in the biological functions of small RNAs such as 
microRNAs (miRNAs) warrant convenient methods for quantification of these 
small RNA species. Experimental validation of conserved miRNAs was performed 
based on stem-loop real time RT-PCR. Chen et al, (2005b) developed methods 
based on reverse transcription (RT) reaction with miRNA specific stem-loop 
primers followed by qRT-PCR.  The expression of selected members of the 
miR162, miR168 and miR403 families in TME3 and T200 at 32dpi were chosen as 
these miRNA families targeted DCL1, AGO1 and AGO2 proteins, respectively, and 
these proteins are essential for the RNA silencing pathway.  Using the crossing 
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points generated from the qRT-PCR and the REST© programme, the six miRNAs’ 
expressions were shown to be all downregulated in TME3 and upregulated in 
T200 compared to the miR166 reference miRNAs (Fig. 3.3A and 3.3B). This 
experimentally confirmed that the expression of miR612, miR168 and miR403 
was downregulated in the tolerant landrace TME3 and upregulated in T200, and 
correlated with the NGS miRNA data.  
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Figure 3.3A and B: Box plots of the relative expression calculated by the 
Relative Expression Software Tool (REST©) for the individual miRNAs 
belonging to the moR162, miR18 and miR403 families in (A) TME3 and (B) 
T200 infected with SACMV compared to mock-inoculated controls. A relative 
expression below 1 was considered downregulated and above 1 was considered 
upregulated according to REST. All six individual miRNAs were down regulated in 
TME3 and upregulated in T200 in the SACMV infected samples relative to the 
mock-inoculated samples. A combination of two members of the miR166 family 
was used as the endogenous references. All relative expression values had a p-
value <0.05. 
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SACMV infection-induced log2 fold changes in conserved miRNAs 
and their target Gene Ontologies 
Insightful information can be drawn from the prediction of the miRNA 
profiles that are associated with virus infection. In order to study the difference in 
the miRNA profiles that are associated with SACMV, T200 and TME3 cultivars 
were infected with SACMV and control plants were mock inoculated with 
Agrobacterium. Newly developing leaves were collected at 12 dpi (early infection 
stage), 32dpi (full systemic infection) and 67dpi (recovery stage in TME3).  It is 
possible that the changes that occur in host miRNA are related to the life cycle of 
the virus (Alvaro et al, 2010), which regulates host metabolism and its 
intracellular environment (Rottiers et al, 2011). Log2Fold changes were 
determined for the newly identified individual conserved cassava miRNAs using 
the equation: Log2 Fold Change = Log2 (Normalised count in SACMV library/ 
Normalised count in the mock library) (S8 Table and S9 Table).  We considered a 
miRNA to be upregulated if the Log2Fold change was greater than 2 and 
downregulated if the Log2Fold change was less than -2. The Log2Fold Changes in 
the individual conserved miRNAs in T200 and TME3 were used to construct heat 
maps (S10 Figure).  
 
Profiles of infection-induced log2 fold changes in individual conserved 
miRNA  
In the TME3 libraries a total of 204 individual miRNAs belonging to 33 
families had their expression altered by SACMV infection, with 93 individuals 
having a log2Fold change >2 and <-2 (S8 Table, S10 Figure).  Notably, in the T200 
libraries, while a similar total number of individual (209) miRNAs and families 
(32) had their expression altered by SACMV infection compared with TME3, a 
significantly higher (130) number of individual miRNAs had a log2Fold change >2 
or <-2 (S9 Table, S10 Figure). In TME3 this represents 46% of the total individual 
miRNAs while in T200, expression of 62% of the miRNAs were significantly 
altered. This correlates with a greater transcriptome reprogramming response in 
SACMV-infected T200 compared with TME3, shown in an earlier study (Allie et al, 
2014).  
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At 12dpi in TME3 there was a notable early response of 40 individual 
miRNAs being downregulated (log2Fold <-2) and only 6 upregulated (log2Fold 
>2). At 32 dpi a larger number (45) of miRNAs were upregulated, while only 5 
were downregulated. In contrast to TME3, at 12dpi fewer (10) individual miRNAs 
were downregulated in T200 while high (39) numbers of miRNAs were 
upregulated. At 32 dpi, 105 individual miRNAs were upregulated in T200, while 
none were downregulated. We suggest that the downregulation of a substantially 
higher percentage (43%) of individual miRNAs at 12 dpi in TME3 is indicative of 
the induction of an associated cohort of early genes that may be involved in 
establishing the ‘cellular environment’ leading to tolerance, a phenotype which 
persists after recovery for long periods of time in this perennial landrace.  While 
several studies have implicated 21 nt and 24 nt siRNA mediated-PTGS and TGS, 
respectively, in resistance (Raja et al, 2008; Pooggin, 2013) or at later-stage 
symptom recovery (Chellappan et al, 2004; Rodriquez et al, 2009) to 
geminiviruses, no one has yet shown, to date, a definitive role for RNA silencing in 
tolerance, or examined the very early miRNA responses in plant hosts that develop 
tolerance, which also persists post-recovery.   This invites more in-depth studies 
ahead on the affected miRNA targeted genes in TME3. In contrast, in susceptible 
T200, a significantly high percentage (30%) at 12 dpi of > log2 fold upregulated 
individual miRNA populations were shown.  Both T200 and TME3 also exhibited 
high percentages of upregulated (log2Fold change >2) miRNAs (80% and 48% for 
T200 and TME3, respectively), which indicates general suppression of the 
transcriptome, a pattern which not only correlates with T200/TME3 
transcriptome results (Allie et al, 2014) but reflects a similar pattern in several 
plant virus-host interactions where widespread suppression of transcription 
occurs at the stages of symptom appearance, and high virus replication and 
systemic movement (Pierce and Rey, 2013).  In TME3, at recovery (67 dpi), 4 
individual miRNAs were upregulated and 9 miRNAs were downregulated, while 
in T200, 28 individual miRNAs were upregulated and 10 were downregulated.  
While both T200 and TME3 showed a similar lower miRNA response at 67 dpi 
compared to 12 and 32 dpi, it was apparent that upregulated (>log2 fold change) 
individual miRNAs were considerably higher (21%) in T200 than TME3, where 
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only 4% were upregulated.  With the same view that much can be gleaned from 
studying early responses in tolerance, further investigation of the roles of 
suppressed target genes in the perennial T200 landrace in disease persistence 
would prove invaluable. 
 
Gene Ontology classification of conserved log2fold miRNA-targeted genes 
The GO annotation classified the target genes into 3 categories, namely 
molecular function (MF), biological process (BP) and cellular component (CC) 
since previous research has demonstrated that viral infection can alter the MF, BP 
and CC of host plants (Laliberte et al, 2013). Gene ontology analysis predicted 
many target genes associated with the miRNAs that were produced by cassava 
(T200 and TME3 landraces) in response to SACMV infection. The targets identified 
for the conserved miRNAs in TME3 were associated with 98 CCs, 205 MFs and 348 
BPs (S11 and S13 Tables) and in T200 they were associated with 103 CCs, 2111 
MFs and 266 BPs (S12 and S14 Tables). In TME3 11 targets were associated with 
the GO function termed defence response and interestingly 1 target was 
associated to with the GO functional category, virus induced gene silencing.  In 
T200 only 8 targets were associated with the GO function termed defence 
response, but T200 also had a target associated with induced gene silencing. Genes 
with functions related to disease symptoms and resistance/tolerance were of 
particular interest because they provide clues relating to potential pathogenic 
mechanisms and resistance genes. The top ten GO terms for each of the GO 
categories for the targets identified in TME3 and T200 for the conserved miRNAs 
that had the expression altered by SACMV are represented in Fig. 3.4 A-C and Fig. 
3.5 A-C respectively. 
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Figure 3.4 A – C: The top ten GO terms for the targets for each GO category (A) Cellular component, (B) Molecular Function, and 
(C) Biological Process, of the conserved miRNAs whose expression was altered by SACMV in TME3.  
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Figure 3.5 A – C: The top ten GO terms for the targets for each GO category (A) Cellular component, (B) Molecular Function, and 
(C) Biological Process, of the conserved miRNAs whose expression was altered by SACMV in T@00 
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Roles of log2fold miRNA-targeted gene functions in disease etiology 
The response of cassava to viral stress is complex and involves many genes 
and interacting molecular mechanisms, operating at both the transcriptional and 
post-transcriptional level. It is likely that overall changes in miRNA families or in 
expression of individual miRNAs have important roles in regulating functions of 
targeted genes in susceptible and resistant/tolerant hosts. The overall log2Fold 
changes in conserved miRNA families in SACMV-infected TME3 and T200 at 12, 
32 and 67 dpi were used to construct heat maps (Fig. 3.6). The darker the green 
the more down regulated the miRNA is and the darker the red the more 
upregulated the miRNA is.  
 
In order to elucidate further the roles these miRNAs (log2fold up- or 
downregulation <2 or >2) are playing in SACMV infection of a susceptible versus 
a tolerant cassava landrace it was necessary to identify their targets. To predict 
the target genes of individual conserved miRNAs that had their expression altered 
by SACMV infection in TME3 and T200, the web-based plant small RNA target 
analysis server (psRNATarget) (Dai and Zhao, 2011) was used. Detailed results of 
target identification by individual miRNAs are presented in S11 and S12 Tables 
for TME3 and T200, respectively.   Due to the large datasets, selected genes of 
interest, linked to pathogenicity and defence in plant-pathogen interactions, 
targeted by log2fold (>2 or < -2) altered conserved miRNA families (Fig. 3.6), are 
discussed. These predicted selected targets include transcription factors; 
resistance (R genes); and RNA silencing (Table 3.1) 
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Figure 3.6: The Log2Fold Change of the conserved miRNA families identified in TME3 and T200 at 12, 32 and 67dpi.  The darker 
the green the greater the downregulation of the expression of the miRNA family and the darker the red the greater the up regulation of 
the expression of the miRNA family.   
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Table 3.1: Summary of the miRNA families that target Transcription Factors, Resistance genes and proteins involved in the 
RNA-silencing pathway.  
 
miRNA 
Family 
Transcription 
Factors  Resistance Genes  
RNA silencing 
Protein  
miR156 SPL - - 
miR159 MYB - - 
miR162 - Probable disease resistant protein  DCL1 
miR164 NAC - - 
miR167 ARF - N/A 
miR168 - - AGO1 
miR172 AP2 - - 
miR2111 - TIR-NBS-LRR - 
miR396 - TIR-NBS-LRR - 
miR403 - - AGO2 
miR482 - 
TIR-NBS-LRR class, CC-NBS-LRR class and NB-ARC domain-
containing - 
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Transcription Factors  
Numerous targets of the conserved miRNAs identified in this study were 
conserved with targets in other plant species, and favoured genes encoding 
transcription factors (TFs). For example, the miR156 family targets Squamosa 
promoter binding protein-like (SPL) transcription factors (Wang et al, 2009), 
miR159 targets Myeloblastosis (MYB)-domain containing transcription factors 
(Reyes and Chua, 2007), miR167 targets the auxin responsive factor (ARF) gene 
family (Wang et al, 2005); and miR172 targets AP2-like transcription factors. 
These miRNAs are classified as highly conserved in plants (Zhang et al, 2006). 
Transcriptional gene regulation is crucial for host cells to form an efficient defence 
response (Buscaill and Rivas, 2014). The arsenal of defence-related 
transcriptional regulators consists of DNA-binding TFs like MYB, NAC and AP2, 
which have been shown to regulate the expression of defence-related genes 
(Eulgem, 2005). Complex regulatory networks are formed by transcription factors 
together with miRNAs in host defence response. Transcription factors regulate 
miRNAs by binding to the upstream cis-acting elements of MIRNA genes. In TME3 
and T200 several log2fold-altered miRNAs were induced by SACMV at different 
stages of infection (Fig. 3.6).  The following differentially expressed miRNA 
families targeted transcription factors: miR156, miR157, miR159, miR166, 
miR167, miR169, miR171, miR172, miR2111, miR319, miR393, miR395, miR396 
and miR408. In T200 the following miRNA families targeted transcription factors: 
miR156, miR157, miR159, miR166, miR167, miR169, miR171, miR172, miR319, 
miR393, miR395, miR396, miR408 and miR482.   
 
Some specific members of the mi156 family identified in this study for both 
TME3 and T200 were found to target 8 members of the SPL family. Transgenic 
overexpression of miR156a in tomato led to this disappearance of stem pith 
(Zhang et al, 2011). Interestingly, the phenotype was similar to that of pathogen-
infected tomato.  miR156 family was significantly upregulated in TME3 at 32 dpi 
(log2fold 10.92) and in T200 at 12 dpi (log2fold 31.5) and 32 dpi (log2fold 43.8). 
This up regulation of miR156 family, which results in the suppression of SPL 
genes, could be responsible for the leaf symptoms that were observed in both 
cassava landraces at the 32 dpi stage, which reflects full systemic infection and 
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symptom development.  In contrast, in TME3, symptom recovery at 67 dpi was 
associated with a notable downregulation (-15.53) of the miR156 family, 
suggesting a different member set of miR156 may be involved. 
 
miR159 has been previously validated to target MYB TFs (Palatnik et al, 
2003), playing crucial regulatory roles in plant development. Members of the 
miR159 family identified in this study in both TME3 and T200 were found to 
target MYB transcription factors. In addition to its other functions, it is known that 
MYB TFs have roles during pathogen infection. Previous studies have shown that 
MYB genes are induced in tobacco plants in response to Tobacco mosaic virus 
(TMV) infection, being important in the hypersensitive response and systemic 
acquired resistance (Singh et al, 2002).  In tomato with the geminivirus, Tomato 
leaf curl New Delhi virus (ToLCNDV), the level of miR159 was increased and 
symptom development may have been due to the up regulation of miR159 (Naqvi 
et al, 2010).  In both TME3 and T200 the miR159 family was downregulated at 12 
and 67 dpi. However, at 32 dpi, the miR159 family was significantly upregulated 
in T200 (Log2Fold change of 15.93) but not in TME3. The up-regulation of this 
family in T200 could contribute to the severe leaf-curling symptom observed in 
T200 SACMV infected plants.   
 
miR164 has been reported to negatively regulate the expression of 
NAM/ATAF/CUC (controlled by the NAC family of TFs) (Park et al, 2002; Kasschau 
et al, 2003), which has a large impact on lateral root development (Guo et al, 
2005). Transgenic Arabidopsis overexpressing miR164 reduced lateral root 
emergence (Guo et al, 2005), whereas overexpression of NAC increased lateral 
roots (Li et al, 2012). NAC was found to be a target of the miR164 family in both 
cassava landraces. However, the only significant Log2Fold change (-3.11) was 
observed in TME3 at 32 dpi with the miR164 family being downregulated, which 
would lead to an overexpression of NAC and increase in lateral root development.  
However, while lateral root development was not measured in TME3, and would 
prove interesting in future studies, it would not be unreasonable to hypothesise 
that overexpression of NAC may be a result of TME3 attempting to compensate for 
SACMV effects. 
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Previously, miR167 along with its targets, Auxin response factors (ARFs), 
has been shown to regulate flower fertility and fruit initiation (Nagpal et al, 2005). 
ARFs are a major class of transcription activators and repressors that facilitate the 
auxin signal by binding to specific cis-elements in the upstream regions of auxin-
inducible genes (Guilfoyle and Hagen, 2001). ARF proteins regulate 
embryogenesis, root development and floral organ formation (Wang et al, 2005; 
Mallory et al, 2005). Interestingly ARFs were only identified as targets for the 
miR167 family in TME3 and not in T200. Also the miR167 targets ARF6 and ARF8. 
The miR167 family was downregulated at 12dpi and 67 dpi, and upregulated at 
32 dpi (Fig. 3.6).  We hypothesise that TME3 is able to counteract SACMV by 
ensuring that specific ARF-associated auxin signals remain functional at 12 dpi in 
order to stabilize plant development. This would contribute to a tolerance 
phenotype and recovery at 67 dpi, manifested by the milder symptoms and lower 
virus load demonstrated in the infectivity assays in this study and also by Allie et 
al (2014). At 32 dpi, as mentioned before, SACMV symptoms and transcriptome 
suppression is widespread in both T200 and TME3 when symptoms manifest and 
virus load is increasing. TME3 recovers whereas T200 does not which may explain 
why no detectable change in this cohort of ARFs.  A next-generation sequencing 
study by Pérez-Quinter et al (2012) aimed at addressing the role of miRNAs in the 
Manihot esculenta (cassava)-Xanthomonas axonopodis pv. manihotis (Xam) 
interaction. They found that 10 conserved miRNA families had highly increased 
expression (log2fold >2) in response to Xam infection, including miR160, miR167, 
miR393 and miR390 families which are known to target auxin response factors 
(ARFs) which results in auxin regulation (Zhang et al, 2012). miR160, miR167, 
miR390 and miR393 induction was found to be involved in regulating auxin 
signalling: (Navarro et al, 2006; Zhang et al, 2010). Auxin signalling disruption is 
an important strategy in all plant-pathogen interactions, including geminiviruses, 
as an attempt to mount a defence response (Derksen et al, 2013; Pumplin and 
Voinnet, 2013). Several geminivirus studies have shown similar findings. SACMV 
(Pierce and Rey, 2013) and Cabbage leaf curl virus (CLCuV) (Ascencio-Ibanez et al, 
2009) have been shown to disrupt auxin signalling in Arabidopsis, and in this study 
could also play a role in virus infections. In T200 three miRNA families were found 
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to target ARFs, namely miR160, miR393 and miR482. In TME3 three miRNA 
families (miR160, miR167 and miR393) were also found to target ARFs. All of 
these families were upregulated at 32dpi, which would result in auxin signalling 
disruption that was also observed in cassava when infected with Xam, and which 
would correlate with symptom development.  Both host-geminivirus specific and 
universal auxin signalling factors and their interconnecting networks warrant 
further investigation.   
 
Disease resistance (R) genes and defence 
The plant innate immune system is an ancient and evolutionarily 
conserved defence strategy (Jones and Dangl, 2006). The adaptive immune system 
is composed of numerous disease resistance (R) genes that play a vital role in 
detecting pathogen effectors (avirulence proteins) by recognising effecter-
induced modifications to other host proteins (Dodds and Rathjen, 2010; Qi and 
Innes, 2013). R proteins are generally characterised as having a nucleotide-
binding site (NB) domain and a C-terminal leucine-rich repeat (LRR) domain 
(Elmore et al, 2011). MicroRNAs have been shown to be involved in plant defence 
against viruses and bacteria (Pelaez and Sanchez, 2013), and miRNAs and siRNAs 
are involved in the activation of effector-triggered immunity (ETI), often involving 
R proteins (Weiberg et al, 2015). Small RNA-mediated silencing of R genes 
regulates host defence against pathogens (Yi and Richards, 2007). MiR482 cleaves 
mRNA of NBS-LRR at its N terminus, and is often upregulated by plant pathogens. 
The targeting is accompanied by mRNA degradation and production of secondary 
siRNAs, which depends on RNA-dependent RNA polymerase 6. These secondary 
siRNAs further silence other defence-related genes, which forms a miR482-
mediated silencing cascade (Shivaprasad et al, 2012; Xiao and Luan 2014). Other 
recent findings have provided evidence that NB-LRR transcripts are regulated by 
miRNAs at several conserved motifs in Solanaceae (Shivaprasad et al, 2012; Li et 
al, 2012) and legumes (Zhai et al, 2011). In Nicotiana benthamiana, miR482 has 
also been shown to be involved in plant immunity (Zhai et al, 2011).  In TME3 and 
T200 three miRNA families were found to target disease resistance proteins, 
namely miR396 (targeting TIR-NBS-LRR class); miR482 (targeting TIR-NBS-LRR 
class, CC-NBS-LRR class and NB-ARC domain-containing proteins) and miR162 
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(Probable disease resistant protein). miR2111 (TIR-NBS-LRR class) was only 
expressed in TME3 at 32 dpi (Fig. 3.6).   In both TME3 and T200 the general trend 
at 32 dpi was significant log2fold upregulation of the miRNA families that targeted 
these R genes, which correlated with symptom development and increasing virus 
loads.  Notably miR396 had a very high log2fold change at 32 dpi, namely log2fold 
30.62 in TME3 and log2fold 26.9 in T200 (Fig. 3.6). Additionally, T200 displayed 
an increased expression of miR162 (13.5 log2 fold change) at 32 dpi. A recent study 
has shown that diverse resistance gene analogs (RGAs) are differentially 
expressed during tolerance and recovery in TME3 (Louis and Rey, 2015). This 
study revealed that in cassava, a perennial crop, RGAs participate in tolerance and 
differentially accumulate during recovery at 67 dpi as a complementary defence 
mechanism to natural occurring RNA silencing to impair viral replication. While 
this was the first demonstration of the involvement of RGAs at 67 dpi (recovery), 
there has been no information available to date with regard to early pre-
symptomatic responses and miRNA-associated R gene regulation.  Interestingly, 
TME3 in this study exhibited a downregulation of miR162 (-7.59 log2 fold change) 
and miR396 (-8.29 log2fold change) at 12 dpi (Fig. 3.6) which we propose induces 
multiple NBS-LRR defence proteins which are maintained at a low level leading to 
tolerance (milder symptoms and lower viral loads later compared with T200) in 
TME3. This system would also minimize the cost to the plant for defence. Evidence 
for low-level expression of auto-activated RGAs contributing to tolerance and 
recovery in TME3 has recently been provided (Louis and Rey, 2015).   
 
miRNAs and pathogen counter-defence 
Recent studies of both animal and plant viruses have shown that viruses 
alter the RNA silencing pathways to regulate host gene expression (Baulcombe, 
2005; Voinnet, 2005; Wang et al, 2012). Viral infections can also modify miRNA-
derived-trans-acting siRNAs or heterochromatic-siRNA production, which also 
leads to phenotypic changes during virus infection (Raja et al. 2008; Wang et al. 
2010).  A continuous molecular arms race exists between pathogens and their 
hosts (Jones and Dangl, 2006).  Pathogens have evolved the ability to avoid, 
supress or even hijack host defence pathways (Pumplin and Voinnet, 2013). To 
counter RNA silencing viruses encode certain proteins that can block virtually any 
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step of the RNAi pathway and are referred to as viral suppressors of gene silencing 
(VSRs) (Voinnet, 2005). CMV 2b is the first and most important identified viral 
suppressors of RNA silencing (VSRs) as counter-defence against host immunity 
(Pumplin and Voinnet, 2013). By blocking AGO1 and DCL proteins that are key 
factors in host gene silencing pathway, 2b assists in virus escaping plant immunity 
(Guo and Ding, 2002; Ruiz-Ferrer and Voinnet, 2007). It has been demonstrated 
that viral suppressors of RNA silencing can interact and interfere with the miRNA 
pathway (Chapman et al, 2004; Kasschau et al, 2003), although it remains unclear 
whether these interactions are the part of the survival strategy of viruses or just 
side effects (collateral damage) of their infection cycle. Interestingly, three miRNA 
families identified in T200 and TME3 in this study were found to target important 
proteins that are involved in the RNA silencing pathway. The miRNA families 
miR162, miR168 and miR403 were found to target DCL1, AGO1 and AGO2, 
respectively. In the model plant Arabidopsis thaliana, there are four DCLs and ten 
AGOs (Vaucheret, 2006), which are specialised for different silencing related 
pathways, while in cassava 13 AGOs have been recently identified (Mirzaei et al, 
2014).  
 
In TME3 the miR162 family was downregulated (-7.59 log2fold) at 12 dpi 
whereas in contrast, T200 this family’s expression was significantly upregulated 
(13.5 log2fold) at 32 dpi (Fig. 3.6). Argonautes are effector proteins that play 
critical functions in eukaryotic RNA silencing pathways (Carbonell and 
Carrington, 2015).  Plant AGOs associate with sRNAs to target and silence 
complementary RNA or DNA through PTGS or TGS, respectively, and are targeted 
by miR168 family.  The miR168 family is one of the miRNA families that is closely 
associated with a range of RNA and DNA viruses.  It was found that miR168 was 
induced significantly in Nicotiana benthamiana plants after they were infected 
with TMV, Potato virus X (PVX) and Tobacco etch virus (TEV), and also in 
Arabidopsis plants infected with Ribgrass mosaic virus, and Turnip crinkle virus, in 
Medicago truncatula with TMV, and in Solanum lycopersicum with PVX (Varallyay 
et al, 2010). Expression levels of miRNA168 were also elevated in N. benthamiana 
infected by the geminiviruses CbLCuV and Tomato yellow leaf curl virus (TYLCV) 
(Amin et al, 2011), in Arabidopsis plants with ORMV (Hu et al, 2011), and in tomato 
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plants with Cucumber mosaic virus satellite RNAs (Feng et al, 2012). Also in the 
virus-infected grapevines miRNA168 was found to be upregulated (Singh et al, 
2012). Therefore, the induction of miRNA168 is a ubiquitous phenomenon in 
plant-virus interaction, suggesting that miR168 plays an important role in the host 
defence and virus’s counter defence (Varallyay et al, 2010). It is hypothesised that 
the virus-induced accumulation of miRNA168 may repress the translation of AGO1 
mRNA and thus inhibits the expression of AGO1 protein. The general induction of 
miR168 in virus-infected plants may counter the inhibitory activity by AGO1 on 
the virus replication in susceptible hosts (Varallyay et al, 2010). The high 
abundance of miRNA168 in the susceptible T200 SACMV-infected libraries is in 
agreement with previous findings on the virus-induced miR168 expression. 
Interestingly, in TME3 at 12 dpi the miR168 family was also downregulated (-5.98 
log2 fold) while in T200 there was significant up regulation at 12 dpi (11.14 
log2fold) and 32 dpi (9.7 log2fold) (Fig 3.6). In T200 an accumulation of miR162 
and miR168 would result in the suppression of DCL1 and AGO1 activity, 
respectively, leading to suppression of host RNA silencing and establishment of 
severe symptoms and high virus titres. Contrary to T200, in TME3 the early 
downregulation of the miR162 and miR168 families would lead to an early 
increase in the RNA silencing signal as DCL1 and AGO1 proteins will be expressed, 
thereby eliciting RNA silencing. AGO1 recruits virus-derived siRNA and then 
degrades the target viral RNA (Zhang et al, 2006a) which results in a decrease in 
virus titres. Lower virus levels in TME3 correlate with PTGS-associated AGO1 and 
DCL. These results indicate a negative or positive role for miRNA-associated PTGS 
in the symptom phenotypes of the susceptible T200 and tolerant TME3 landraces, 
respectively. Notably we demonstrate for the first time that both PTGS and R 
genes are activated at an early pre-symptomatic stage in TME3.  Elicitation of R 
gene-encoded NB-LRR proteins is likely to activate a number of signalling 
pathways, as NB-LRR-induced defence responses are not necessarily specific to 
the originating virus or its avirulence protein (Bhattacharjee et al, 2009).  
Downregulation of miR162 in TME3 was shown to up regulate an unidentified R 
protein (Probable disease resistant protein).  It could be hypothesised that R gene-
encoded proteins may activate AGO1 and PTGS in TME3, resulting in tolerance. 
Clearly NB-LRR proteins and AGOs are linked in virus resistance as, for example, 
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AGO4-dependent translational control has been shown to be involved in the 
induction of NB-LRR proteins (Bhattacharjee et al, 2009). Post the symptomatic 
phase at 32 dpi, neither miR162 or miR168 appeared to be involved in TME3 
recovery at 67 dpi as no changes in expression were noted (Fig. 3.6). However, 
what is very pertinent, is that we have recently demonstrated that a different 
cohort of resistance gene analogues are specifically associated with recovery in 
TME3 (Louis and Rey, 2015). Collectively, results from this study, and that of Louis 
and Rey (2015) provide new insights into molecular mechanisms involved in 
tolerance and recovery.  Additionally, while symptom recovery in infected plants 
has been correlated with the accumulation of virus-targeting short interfering 
RNAs (vsRNAs) in other studies (Rodríquez-Negrete et al. 2009), no information 
on miRNA alterations has been reported. This is the first report to date that shows 
that early pre-symptomatic host responses may play a role in a 
tolerance/recovery in a virus-host interaction. Other host-geminivirus 
interactions need to be investigated to explore further the molecular mechanisms 
involved in different disease phenotypes.  
 
miR403, which targets AGO2, was found downregulated (-2.56 log2fold) at 
32 dpi in TME3.  Interestingly, AGO1 expression is induced at 12 dpi, but at the full 
systemic infection stage AGO2 is active (miR403 family expression is suppressed) 
while AGO1 expression is unaltered (miR168 expression 0.43 log2fold). AGO2 can 
function in co-operation, and non-redundantly with AGO1 if AGO1 is suppressed 
by viruses (Harvey et al, 2011). Although it belongs to a different clade, AGO2 
displays both additive and overlapping activity with AGO1.  It is suggested that as 
SACMV replication increases in TME3, as was shown by real-time qPCR, a decrease 
in AGO1 levels occurred, and this may have induced accumulation of AGO2 as a 
result of reduced AGO2 targeting by AGO1/miR403 complexes (Fig. 3.7. AGO2 
levels were reported in an earlier study to be regulated by miR403 in an AGO1-
dependent manner (Allen et al, 2005). This regulatory network may allow AGO2 
to take over antiviral defence when AGO1 levels are themselves dampened by viral 
silencing suppressors. Recent studies implicate AGO2 in defence against a broad 
range of viruses. AGO2 has been found to bind viral siRNA (Takeda et al, 2008) 
and mutations of AGO2 was linked to hyper-susceptibility to plant virus (Harvey 
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et al, 2011; Wang et al, 2011).  Like AGO1, AGO2 is induced and loaded with DCL4- 
and DCL2-dependent viRNAs in virus-infected plants. Loss of AGO2 function is also 
sufficient to allow systemic infection of viruses not normally hosted by 
Arabidopsis, whereas AGO1 has no effect on this host-range determination 
(Pumplin and Voinnet, 2013). In contrast to TME3, T200 the miR403 family was 
found upregulated at 32 (3.83 log2fold) and 67 (2.05 log2fold) dpi in T200. This 
would result in a suppression of AGO2 during the full systemic and the late 
infectivity stages, which will ultimately aid the repression of the RNA silencing 
signal in this cassava landrace. 
 
In summary, the miRNA families miR162, miR168 and miR403 which 
target DCL1, AGO1 and AGO2, respectively, respond differently in susceptible 
T200 and TME3.  This is depicted in a working model (Fig. 3.7). Our hypothesis is 
that in TME3 during SACMV infection, the transcription of these three miRNA 
families is decreased, which results in the decrease of their expression. This has a 
downstream effect on their corresponding targets resulting in an increase in the 
expression of the DCL1, AGO1 and AGO2 genes, which increases the RNA silencing 
signal. This increase in the RNA silencing signal could play a major role in the 
recovery phenotype that is observed in TME3.  However, in T200 the opposite is 
observed. The hypothesis is that in T200 during SACMV infection, the 
transcription of the three miRNA families is increased, resulting in the increase in 
their expression. The increase in inexpression of miR162, miR168 and miR403 
results in an increase in the targeting and inhibition of the expression of DCL1, 
AGO1 and AGO2 mRNA respectively. These three proteins are known to play 
major roles in the RNA silencing pathway and by inhibiting the expression of their 
mRNA, SACMV is inhibiting the RNA silencing pathway. The ability of SACMV 
infection to increase expression of the miR162, miR168 and miR403 families 
could be the key to fully understanding the susceptible phenotype that is observed 
in T200.  
 
Also, an interesting AGO2-miR168-AGO1-miR403 loop has been identified 
in Arabidopsis.  Results from previous studies suggest that AGO1 and AGO2 might 
cooperate with miR168 and miR403 during virus infection (Diermann et al, 2010; 
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Harvey et al, 2011; Morel et al, 2002; Zhu et al, 2011). It has also been suggested 
that the overexpression of AGO1 would increase the risk of PTGS in endogenous 
genes. So the expression of AGO1 should be controlled under a self-check 
regulator (miR168) to maintain the perfect expression level of AGO1. But viruses 
have developed a series of molecules to crack this system for example, polerovirus 
F-box protein P0 degraded AGO1, P21 bound to miRNA/miRNA* and siRNA 
duplex to inhibit formation of active RISC and P19 had ability to increase level of 
the endogenous miR168 level to inhibit translational capacity of AGO1 mRNA 
(Bortolamiol et al, 2007; Chapman et al, 2004; Varallyay et al, 2010). Thus AGO2 
could be considered as a secondary defence layer of plants, in case that virus 
cracked the first defence layer components AGO1. In our study, SACMV was able 
overcome both AGO1 and AGO2 in the susceptible T200 landrace but not in the 
tolerant TME3 landrace. This AGO2-miR168-AGO1-miR403 loop is vulnerable and 
tends to lose balance, so even a slight change of any element in this loop would be 
amplified constantly. It is believed that transcriptional regulation of AGO1 and 
AGO2 by miR168 and miR403 and unknown regulatory factors help to keep the 
balance of this loop.  
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Figure 3.7: Proposed model for the effect SACMV infection has on the expression of the miR162, miR168 and miR403 families 
and the resulting change in expression of their targets. In TME3 the expression of miR162, miR168 and miR403 decreases during 
SACMV infection, which results in the increase in expression (indicated by the green arrow) of their targets DCL1, AGO1 and AGO2 
respectively. In T200 the opposite occurs. The expression of the miR162, miR168 and miR403 miRNA families increases in expression, 
which results in the inhibition (indicated by the red inhibition symbol) of their targets DCL1, AGO1 and AG)2 respectively.   
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DNA-encoded AC2 and AC4 have been shown to be VSRs in several geminivirus 
infections, and ACMV AC4 was shown to suppress PTGS in cassava (Chellappan et 
al, 2006). While SACMV AC4 has not been experimentally proven to be a VSR, it is 
likely that, considering the conserved nature of this protein amongst Old World 
geminiviruses, this protein may be playing a role in blocking PTGS in T200 and 
TME3 at 32 dpi. Since VSRs are capable of blocking various steps in PTGS, it is not 
unreasonable to propose that SACMV AC4 may play a role in downregulation of 
either one of DCL1, AGO1 and AGO2 in T200 at 32 dpi, leading to severe symptoms.      
 
A comparison between SACMV in cassava in this study and African cassava 
mosaic virus (ACMV) in N. benthamiana was performed. Amin et al. (2011) 
investigated the deregulation of ten developmental miRNAs in N. benthamiana 
infected with four begomoviruses, including ACMV.  miR156 and miR160 families 
had a decrease in expression and miR159, miR164, miR165/miR166, miR167 and 
miR168 had an increase in expression in N. benthamiana infected with ACMV. The 
miR169 and miR170 families’ expression was not altered by ACMV infection. In 
SACMV-infected T200, different patterns of expression were observed with 
miRNA families.  miR156 and miR168 were upregulated at 12 dpi and 32dpi and 
downregulated at 67dpi; miR159 and miR166 were downregulated at 12 dpi and 
67 dpi and upregulated at 32 dpi; miR167 was upregulated at 32 dpi and 67 dpi; 
and miR169 was upregulated at all three time-points (Fig. 3.6). The miR160 and 
mIR164 families’ expression was not altered significantly by SACMV infection. 
These studies show that there was not a common pattern in miRNA regulation for 
ACMV and SACMV. This is likely due to different hosts and different geminiviral 
species in the two studies, and illustrates that miRNA-virus responsive 
transcription patterns are host-virus interaction dependent. 
 161 
Predicted target genes for identified novel miRNAs   
Novel miRNAs were also found to target transcription factors, transposons 
and R genes similar to the conserved miRNAs, however no novel miRNA was found 
to target proteins involved in the RNA silencing pathway (S15 Table). Twelve 
novel miRNAs were found to target transcription factors. Interestingly some of the 
novel miRNAs targeted similar transcription factors to the conserved miRNAs for 
example, mes-20, mes-37, mes-40, mes-51 and mes-56 were found to target MYB 
transcription factors, which are also targeted by the miR159 family. Another 
transcription factor that was targeted by both novel and conserved miRNAs was 
the bZIP transcription factor, which was targeted by mes-14, miR395 in TME3 and 
miR172, miR395 and miR408 in T200. Evolutionary analysis has shown that bZIP 
transcription factors occur in in all plants as a consequence of sharing a common 
ancestor, and are important in light and stress signalling, and flower development 
(Corrëa et al, 2008).  In addition to their other functions, it is known that bZIP 
transcription factors have roles during pathogen infection. Previous studies have 
shown that bZIP factors, which bind to the G-box of soybean (cv. Glycine max) 
Chs15 promoter are also activated during the plant defence response (Alves et al, 
2013).  Transposable elements (TEs) were targeted by 23 (about 40%) of the 
novel miRNA families. Global alteration of miRNAs and transposon-derived small 
RNAs have been shown in cotton during Cotton leafroll dwarf polerovirus (CLRDV) 
infection (Romanel et al, 2012). This large number of novel miRNAs targeting 
transposable elements is intriguing and future studies should be performed in 
order to elucidate the exact role that the novel miRNAs and their TE-targets have 
in virus infection in cassava. In TME3 and T200, 7 and 6 novel miRNAs were found 
to target R genes respectively. Mes-58 was only found in TME3 and was the most 
interesting of the novel miRNAs that targeted R genes as it targeted both CC-NBS-
LRR and TIR-NBS-LRR classes. Mes-58 expression was also altered significantly at 
all three time-points, unlike the other novel miRNAs that targeted R genes. It was 
downregulated at 12dpi and then upregulated at 32dpi and 67dpi. The potential 
contribution of these novel miRNAs and associated upregulated R genes warrants 
further investigation. 
The targets identified for the novel miRNAs in TME3 were associated with 
71 CCs, 150 MFs and 236 BPs (S16 Table) and in T200 they were associated with 
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78 CCs, 122 MFs and 236 BPs (S17 Table). The top ten GO terms for each of the GO 
categories for the targets identified in TME3 and T200 for the novel miRNAs that 
had the expression altered by SACMV are represented in Fig. 3.8A-C and Fig. 3.9A-
C respectively.  An interesting difference observed between TME3 and T200 was 
that the GO term defence response is the second highest GO term found in the GO 
category biological process (BP) in TME3 but in T200 it was only the fourth 
highest.   
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Figure 3.8 A – C: The top ten GO terms for the targets for each GO category (A) Cellular component, (B) Molecular Function, and 
(C) Biological Process, of the novel miRNAs whose expression was altered by SACMV in TME3.  
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Figure 3.9 A – C: The top ten GO terms for the targets for each GO category (A) Cellular component, (B) Molecular Function, and 
(C) Biological Process, of the novel miRNAs whose expression was altered by SACMV in T200
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3.5 Conclusions  
In summary, the current study identified for the first time a broad range of 
miRNA families (novel and conserved) specifically associated with SACMV 
infection of T200 and TME3 cassava landraces. Furthermore, the results 
highlighted differences in both the broad patterns of log2 fold changes in miRNA 
families at 12, 32 and 67 dpi between T200 and TME3, as well as differences in 
specific miRNA-associated target genes between the susceptible T200 and 
tolerant/recovery TME3 phenotypes. Significantly, it was shown for the first time 
that an early pre-symptomatic PTGS-R gene response in TME3 may be a 
contributing factor in tolerance. The discovery of novel and conserved cassava-
specific miRNAs in response to a geminivirus brings new perspectives to the 
understanding of cassava-virus interactions at a molecular level. The changes in 
miRNA profiles over the period of infection will also provide more interesting data 
for additional analyses on temporal physiological changes in cassava leaf 
development. It is envisaged that further investigation of the miRNAs and target 
genes identified in this study could contribute to disease and tolerance/resistance 
network models that would lead to the development of disease-resistant cassava 
plants.   
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Chapter 4 
Small RNA and Methylation 
Responses in Susceptible and 
Tolerant Landraces of Cassava 
Infected with South African cassava 
mosaic virus 
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4.1 Abstract 
Endogenous small RNAs (sRNAs) associated with gene regulatory 
mechanisms respond to virus infection, and virus-derived small interfering RNAs 
(vsRNAs) have been implicated in recovery or symptom remission in some 
geminivirus-host interactions.  Transcriptional gene silencing (TGS) (24 nt 
vsRNAs) and post transcriptional gene silencing (PTGS) (21-23 nt vsRNAs) have 
been associated with geminivirus intergenic (IR) and coding regions, respectively.   
In this Illumina deep sequencing study, we compared for the first time, the small 
RNA response to South African cassava mosaic virus (SACMV) of cassava landrace 
TME3 which shows a recovery and tolerant phenotype, and T200, a highly 
susceptible landrace.  Interestingly, different patterns in the percentage of 
SACMV-induced normalized total endogenous sRNA reads were observed 
between T200 and TME3. Notably in T200 there was a significant increase in 21 
nt sRNAs during the early pre-symptomatic response (12 dpi) to SACMV 
compared to mock, while in TME3, the 22 nt size class increased significantly at 
32 dpi.   While vsRNAs of 21 to 24 nt size classes covered the entire SACMV DNA-
A and DNA-B genome components in T200 and TME3, vsRNA population counts 
were significantly lower at 32 (symptomatic stage) and 67 dpi in tolerant TME3 
compared with T200 (non-recovery).  It is suggested that the high accumulation 
of primary vsRNAs, which correlated with high virus titres and severe symptoms 
in susceptible T200, may be due to failure to target SACMV-derived mRNA.  
Likewise, in contrast, in TME3 low vsRNA counts may represent efficient PTGS of 
viral mRNA, leading to a depletion/sequestration of vsRNA populations, 
supporting a role for PTGS in tolerance/recovery in TME3.  Notably, in TME3 at 
recovery (67 dpi) the percentage (expressed as a percentage of total vsRNA 
counts) of redundant and non-redundant (unique) 24 nt vsRNAs increased 
significantly. Since methylation of the SACMV genome was not detected by 
bisulfite sequencing, and vsRNA counts targeting the IR (where the promoters 
reside) were very low in both the tolerant or susceptible landraces, we conclude 
that 24 nt vsRNA-mediated RNA directed genome methylation does not play a 
central role in disease phenotype in these landraces, notwithstanding recognition 
for a possible role in histone modification in TME3.   This work represents an 
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important step toward understanding variable roles of sRNAs in different cassava 
genotype-geminivirus interactions. 
 
4.2 Introduction 
Cassava (Manihot esculenta Crantz) belongs to the Euphorbiaceae family, 
and is classified as a tuberous perennial crop that is primarily grown in many 
tropical and sub-tropical regions of the world (FAO, 2008). In South Africa, it is 
mainly grown by small-scale and subsistence farmers in KwaZulu-Natal, 
Mpumalanga, and Limpopo provinces. Cassava is considered to be a security crop 
as it has the ability to grow in nutrient poor soils, and is drought tolerant and 
resistant to crop pests (Jaramillo et al, 2005).  Cassava mosaic disease (CMD) is 
one of the main biotic and economically important constraints of cassava 
cultivation in southern Africa. Globally there are 11 recognised species of CMGs 
(cassava mosaic geminiviruses), of which 9 are reported from Africa and two 
species from the Indian sub-continent (Adams et al, 2013; Legg et al, 2015; Patil 
and Fauquet, 2009).  South African cassava mosaic virus (SACMV) (Berrie et al, 
1998; Berrie et al, 2001) is a ss DNA geminivirus belonging to the Geminiviridae 
family. The genome consists of two covalently closed, separately encapsidated, 
circular ssDNA molecules (DNA-A (2800 nt) and DNA–B (2760 nt).  Both DNA 
molecules in bipartite geminiviruses (GVs) are necessary for infection.  DNA-A 
encodes 2 genes on its virion-sense strand, namely AV1 (coat protein) and AV2 
[responsible for virus accumulation and symptom development through 
suppression of host innate RNA silencing mechanism (VSR)] (Bisaro, 2006). The 
complementary-sense strand of DNA A encodes 4 genes; AC1-AC3 genes encode 
the replication-protein (Rep), transcriptional activator protein (TrAP) and the 
replication enhancer protein (REn), respectively, and AC4 is involved in virus 
movement, symptom severity, host range determination and as a VSR 
(Vanitharani et al, 2004).  The DNA-B component is required for inter and intra-
cellular movement and encodes 2 genes; BV1 encodes for a nuclear shuttle protein 
while BC1 encodes for proteins required for cell-to-cell movement of the virus 
(Hehnle et al, 2004; Ward et al, 1997). 
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 The interaction between host plants and virulent pathogens leads to the 
expression of common sets of defence-related genes. Since constitutive expression 
of defence pathways in plants can compromise the overall fitness and normal 
growth of a host plant, plants have evolved intricate mechanisms to exert control 
over pathogen induced defence pathways.  Basal resistance by itself is too weak to 
protect against virulent pathogens, since it constitutes a residual level of 
resistance after immune suppression by the pathogen. In addition to PAMP-
triggered immunity (PTI) and ETI (Effector-triggered immunity) defence 
mechanisms (Gomez-Gomez and Boller, 2000; Huffaker et al, 2006; Miya et al, 
2007), plants also possess an additional type of adaptive immunity known as RNA 
silencing which plays a major role specifically in antiviral defence responses 
(Zvereva and Pooggin, 2012), thereby restricting the accumulation and/spread of 
viral pathogens. In turn, viruses counteract PTI/ETI-based innate responses and 
RNA silencing by effectors or suppressor proteins (Burgyan and Havelda, 2011).  
 
 RNA silencing also forms part of the conserved silencing mechanism in 
plants and controls a number of important biological processes including gene 
expression during development, stress responses, heterochromatin formation 
and hormone signalling. The plant RNA silencing machinery generates 21 to 24 nt 
small RNAs (sRNAs) which are broadly classified into transcriptional gene 
silencing (TGS) and post transcriptional gene silencing (PTGS) associated with 
microRNAs (miRNAs) and short interfering RNAs (siRNAs) (Khraiwesh et al, 
2012).  Epigenetic gene regulation is mediated by a highly interactive network of 
sRNA-directed DNA methylation, and histone and chromatin modifications that 
control transcription (Matzke et al, 2009). The endogenous siRNAs class have 
further been categorised into several classes, including trans-acting small 
interfering RNAs (tasiRNAs), natural antisense transcript-derived small 
interfering RNAs (nat-siRNAs), repeat-associated small interfering RNAs (ra-
siRNAs) or heterochromatic small interfering RNAs (hc-siRNAs), and long small 
interfering RNAs (lsiRNAs) (Chen, 2009; Vazquez et al, 2010). Small RNAs are 
capable of moving from cell to cell to carry short range signal controlling 
morphological developmental patterns (Chitwood et al, 2009). The common 
protein players that participate in all RNA-silencing pathways include the families 
 170 
of the ribonuclease RNAse III type DICER or DICER-like proteins (DCL), RNA-
dependent RNA polymerase (RDRP) and Argonaute (AGO) proteins (Bologna and 
Voinnet, 2014). Both miRNAs and siRNAs are cleaved or processed from larger 
double-stranded (ds) dsRNA precursors by DCL with the assistance of DRB 
proteins. The resulting small RNAs then act as guide molecules for a multi-protein 
silencing complex that repress genes, in a sequence-specific manner, either post-
transcriptionally (PTGS) and/or transcriptionally (TGS).   
 
Growing evidence indicates that innate immunity and RNA silencing are 
closely linked (Ding and Voinnet, 2007).  Small RNAs have recently been shown to 
be important components of abiotic and biotic stress, and there are many 
examples of differential siRNA, miRNA or non-coding RNA (ncRNA) expression 
upon pathogen attack (Khraiwesh et al, 2012; Ruiz-Ferrer and Voinnet, 2007). 
Trans-acting siRNAs (tasiRNAs) for example are a specialized class of siRNAs that 
are generated by 22 nt miRNA processing of TAS loci transcripts resulting in 21 nt 
RNAs that are phased with respect to the miRNA cleavage site, a pattern formed 
by DCL4 (Allen et al, 2005; Zhang et al, 2012), and have been associated with 
response to cassava blight infection (Quintero et al, 2013).  The cleaved products 
from the miRNA triggering are then processed by a RNA-dependent RNA 
polymerase (RDR6) and suppressor of gene silencing 3 (SGS3) (Talmor-Neiman et 
al, 2006) to produce double-stranded RNAs (dsRNAs), which are cleaved by DCL 
proteins to produce phased 21 nt tasiRNAs.   
 
Virus-infected plants accumulate high levels of virus-derived vsRNAs of 
three major size-classes: 21 nt, 22 nt and 24 nt (Llave, 2010; Panteleo, 2011).  
Early in the 1990’s (Brough et al, 1992), DNA methylation was already shown to 
inhibit geminiviruses, Tomato golden mosaic virus (TGMV) and African cassava 
mosaic virus (ACMV), in protoplasts. More recently, direct evidence is available 
that geminivirus-derived vsRNAs (21, 22 and 24 nt) of both polarities are derived 
from the coding and intergenic regions (reviewed in Raja et al, 2010), and have 
also been reported from Manihot esculenta (cassava) and N. benthamiana 
(Akbergenov et al, 2006), and other geminivirus-plant host interactions (Aregger 
et al, 2012; Bian et al, 2006; Rodriquez-Negrete et al, 2009). These vsRNAs are 
 171 
similar to siRNAs derived from dsRNA transgenes, endogenous tasiRNAs and 
miRNAs, and are phosphorylated at the 5’end and modified at the 3’end, 
confirming that both TGS and PTGS silencing pathways are involved in plant-
geminivirus interactions.  Although geminiviruses have DNA genomes and do not 
replicate using dsRNA intermediates, they have still been shown to be targets of 
the RNA silencing machinery (Hohn and Vazquez, 2011) since dsRNA 
intermediates are formed in the process of bidirectional transcription (Bieri et al, 
2002; Vanitharani et al, 2005), and precursors of vsRNAs could also form from 
RdRP activity or from secondary structures of viral RNAs.   
 
RNA-directed DNA methylation (RdDM) is a one of the pathways of plant 
siRNA silencing machinery and is directed by 24nt siRNAs.  RdDM is specifically 
involved in the regulation of plant gene expression and has been shown in a 
number of studies to act in plant defence mechanisms against invading and foreign 
nucleic acids such as transgenes, transposons (Gazzani et al, 2003; Ito, 2013; 
Michaels et al, 2003) and viruses (Aregger et al, 2012; Raja et al, 2008; Raja et al, 
2010; Rodriguez-Negrete et al, 2009). There is a considerable body of evidence 
that demonstrates that plants methylate geminivirus chromatin as an epigenetic 
defence. Early studies indicated that in vitro methylation of geminivirus DNA 
greatly impaired replication and transcription in protoplasts (Brough et al, 1992; 
Ermak et al, 1993).  More recently, it has been shown that methylation-deficient 
Arabidopsis mutants are hypersusceptible to geminiviruses and that RdDM 
pathway components, for example AGO4, are necessary for host recovery from 
infection (Buchmann et al, 2009). AGO4 specifically plays a role in the production 
of siRNA that are 24nt long. In addition, geminivirus DNA and associated histones 
are methylated in infected plants, and viral DNA methylation is reduced in 
mutants that display enhanced disease. By contrast, the small amount of viral DNA 
present in recovered tissue is hypermethylated (Raja et al, 2008). These studies 
clearly demonstrate that methylation, and likely TGS, acts as a defence against 
DNA viruses.   Viruses have consequently evolved diverse counter defence 
mechanisms to avoid silencing, most notably through the expression of viral 
suppressors of RNA silencing (Bisaro, 2006).  
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The most compelling argument for methylation as an anti-geminiviral 
defence comes from studies associating host recovery and the methylation 
pathway.  Recovery is a phenotype observed in some virus-infected plant hosts 
characterised by initially severe symptoms which are observed to gradually 
attenuate until the host appears almost symptomless (Chellappan et al, 2004; 
Ghoshal and Sanfacon, 2015; Hagen et al, 2008; Sahu et al, 2010).  A hallmark of 
recovery is that virus replication persists at low levels in new tissues in recovered 
plants. The recovery phenotype is the result of a molecular interplay between the 
infecting virus and plant host.  The phenomenon of recovery has been observed in 
several plant species, including Cucumis melo (cantaloupe) and Citrullus lanatus 
(watermelon) plants infected with Curcubit leaf crumple virus (CuLCrV) (Hagen et 
al, 2008), pepper plants infected with Pepper golden mosaic virus (PepGMV) 
(Rodriguez-Negrete et al, 2009) and tomato infected with Tomato leaf curl New 
Delhi virus (ToLCNDV) (Sahu et al, 2010). In cassava, recovery has been observed 
when infected with African cassava mosaic virus (ACMV) and Sri Lankan cassava 
mosaic virus (SLCMV) (Chellappan et al, 2004).   Chellappan et al. (2004) reported 
a positive correlation between the cassava recovery phenotype post-infection 
with ACMV and SLCMV and the production of virus-derived small interfering 
RNAs (siRNAs) through posttranscriptional gene silencing (PTGS).  In the case of 
DNA geminiviruses, transcriptional arrest of viral mini-chromosomes may 
contribute to recovery, and RNA silencing may also contribute by regulating gene 
expression (reviewed in Ghoshal and Sanfacon, 2015).    
 
Since the mechanism(s) of tolerance and recovery are not well understood, 
especially in perennial non-model plants, the objective of this study was to 
investigate if sRNA responses are associated with host tolerance to and recovery 
from SACMV infection in the tolerant/recovery TME3 landrace compared with a 
CMD-susceptible cassava landrace, T200.  From this Illumina deep sequencing 
investigation, there was a clear difference in the pattern and abundance of 
normalized total sRNA counts and virus-targeted vsRNA populations in leaf 
tissues between T200 and TME3 in response to SACMV infection during the time 
course of infection, and between infected and mock inoculated. TGS and PTGS 
responses in T200 and TME3 differed in some respects to several other studies, 
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and we conclude that specific sRNA and symptom phenotype responses to 
geminivirus infection differ between cassava genotypes/landraces. While gene 
silencing is involved in antiviral defence, this study highlights that RNA silencing 
is likely to play more complex roles with other mechanisms in both susceptibility 
and tolerance. A better understanding of the recovery phenotype may lead to 
advances in breeding programmes, where wild cassava relatives or currently 
domesticated varieties phenotypically exhibiting the recovery phenotype, may be 
interbred to create varieties with genotypes resistant to CMD. 
 
4.3 Materials and Methods 
Micro-propagation and acclimatization of cassava 
 T200 and TME3 cassava landraces were micro-propagated by way of 
nodal culture on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) 
supplemented with 20g.L-1 sucrose and 2g.L-1 Phytagel™ (Sigma Aldrich), pH 5.8. 
Explants for both landraces were grown under identical conditions, and were 
allowed to grow at 25°C under a 16 h photoperiod. At the appearance of roots 
(approximately 10 days), plantlets were transferred into Jiffy® pellets which were 
placed on a tray that was covered with plastic film and placed in a controlled 
insect-free growth chamber (28°C; 16 h photoperiod). Average light intensity in 
the cabinet was 300 lux.  Slits were then gradually made in the plastic film to 
facilitate acclimatization of explants. Plants were fertilized every 3 weeks with 
Multifeed fertilizer, following manufactures instructions. 
 
Plant growth and virus inoculations of cassava T200 and TME3 
landraces  
  Once T200 and TME3 were acclimatized and the plants had reached the 4 
to 6 leaf stage (approximately 6 weeks), they were either infected with SACMV or 
were mock inoculated with only Agrobacterium tumefaciens.  Both mock and 
infected plants were grown under the same environmental conditions as stated 
above.  Leaves were collected from the T200 and TME3 plants at 12, 32 and 67dpi.  
Eighteen plants, at the 3-4 leaf stage (6 week old plantlets), were co-inoculated 
with a total of 60 µl of full length head-to-tail dimers of SACMV DNA-A and DNA-B 
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(Berrie et al, 2001) mobilized in Agrobacterium tumefaciens strain AGL1 (OD600 
of ±0.8).  Agrobacterium containing either SACMV DNA-A or SACMV-DNA-B were 
cultured independently of each other in Luria broth with working concentrations 
of 100mg/l carbenicillin and 100mg/l kanamycin. Cultures were incubated at 
30°C until an optical density (OD600) of ±0.8 was attained. Each culture was 
pelleted at 8000 rpm. Pellets were washed in sterile water in a repeated spin at 
8000 rpm. Water was removed and pellets were resuspended in 200µl of Luria 
Broth (i.e. 200ul LB/ml of Agrobacterium culture. Each plant was inoculated with 
60µl (20µl at three different points along the stem below the apical leaves) of 
SACMV inoculum, using a 1 ml Hamilton syringe. Control plants were inoculated 
in parallel, and 20 additional plants were mock-inoculated with 100 µl of 
Agrobacterium only.  
 
DNA extractions and Quantitative Real-time PCR (qPCR) of SACMV 
 For each time point (12, 32 and 67dpi) and each biological experiment, the 
two leaves closest to the apex were harvested from six plants, for both infected 
and mock-inoculated plants. This was repeated for two additional biological 
experiments. A total of 36 apical leaves per time point from the 3 experiments 
were pooled.  Total nucleic acid (TNA) was isolated from these SACMV infected 
and mock-inoculated leaves using a modified CTAB-based extraction method 
(Doyle and Doyle, 1987). From the extracts, fifty milligrams of fresh leaf tissue 
were homogenized in liquid nitrogen. The resulting tissue powder was suspended 
in 500 μl of CTAB extraction buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 0.1 M 
TRIS-HCl, pH 8.0). One μl of 2-mercaptoethanol was added to the suspension, 
which was incubated at 65 °C for 1 h. The suspension was then purified twice by 
a chloroform: isoamyl alcohol (24:1) solution and precipitated with isopropanol. 
The TNA was recovered at 13000 x g at 4 °C for 10 min. Recovered TNA pellets 
were washed in 70% ice-cold ethanol and later resuspended in TE buffer (10 mM 
TRIS-HCl, 1 mM EDTA, pH 7.5) as well as treated with 1 μl of RNAse A (10 mg/ml) 
overnight at 4 °C. The purity of the TNA was assessed using the NanoDrop ND-100 
Spectrophotometer (NanoDrop Technologies). 
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Determination of the viral titre in T200 and TME3 plants was achieved by 
qPCR of TNA extracted from both cultivars at time points 12, 32 and 67 dpi. TNA 
samples were all standardised to a concentration of 100ng/μl.  Duplicates of each 
pooled sample were prepared as well as a no template control (NTC) of nuclease-
free water. For each sample, a 20 μl reaction was set up in LightCycler capillaries 
containing 1μl of 100ng of leaf tissue TNA added to 4 μl LightCycler ® FastStart 
DNAMaster Plus SYBR Green I (Roche), 1 μl forward coat protein primer (10μM) 
5’ACGTCCGTCGCAAGTACGAT3’, 1 μl reverse coat protein primer (10 μM) 
5’ATTGTCATGTCGAATAGTACG 3’ and 14 μl nuclease-free water. A 150 bp 
fragment was amplified and quantified using the following amplification 
conditions: 95°C for 10 min, followed by 35 cycles of 95°C for 10 secs, 60°C for 10 
secs, and 72°C for 15 sec.  A single fluorescence measurement was taken at the end 
of each extension step during the PCR amplification cycle. A melting curve (65°C-
95°C) with a heating ramp rate of 0.1 °C/s and a continuous fluorescence 
measurement was conducted after the amplification and quantification cycle. A 
166 bp PCR product of ubiquitin was amplified from 100 ng of the same TNA 
samples used for viral quantification, which served as an internal loading control. 
Primers used were previously tested in cassava. Primer sequences used were 
UBQ10 (fwd): 5’ TGCATCTCGTTCTCCGATTG 3’ and UBQ10: 5’ 
GCGAAGATCAGTCGTTGTTGG 3’ previously described in Moreno et al. (2001).  
 
Bisulfite sequencing 
  Bisulfite-sequencing analysis was carried out with the EZ DNA Methylation 
Kit (Zymo Research). TNA of SACMV-infected 32 and 67 dpi leaf tissue samples 
(the time points as which virus was detected in the viral titre qPCR assay) were 
collected. Ten µg of TNA was treated with sodium bisulfite for 16 h. The treated 
DNA was purified in accordance with the manufacturer’s instructions and used for 
subsequent PCR reactions using Zymo Taq, which is specific for bisulphite treated 
templates. Nine primer sets each were used to amplify 200-300 bp regions on 
DNA-A and DNA-B of SACMV. Primers targeting the intergenic regions and ORFs 
of DNA-A and DNA-B of SACMV were designed using Invitrogen Methyl software 
package. Following PCR, the products were cloned in pJet1.2 (Thermo Scientific), 
and individual clones were sequenced with M13F or T7 primers by Inqaba biotech 
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(Pretoria, South Africa). The Sanger sequences were then aligned with Clustal X 
and compared with the DNA sequence from sequences of DNA-A (AF155806.1) 
and DNA-B (AF155807.2) available in NCBI. All primers used for bisulfite-
sequencing analysis are listed in Supplementary Table S1. 
 
RNA extraction, small RNA library preparation and sequencing 
Total RNA extraction, using a modified high molecular weight polyethylene 
glycol (HMWPEG) protocol (Gehrig et al, 2000), was carried out on leaf tissue 
samples collected from T200 and TME3 at 12, 32 and 67 dpi. For each time point 
and sample, total RNA was extracted from the top two apical leaves from six plants 
in each of three biological replicates and pooled.  For each sample, 1g pooled leaf 
tissue was homogenised in liquid nitrogen and added to 5 ml preheated (65°C) 
GHCL buffer (6.5 guanidium hydrochloride, 100 mM Tris-HCl pH 8.0, 0.1M sodium 
acetate pH 5.5, 0.1M β-mercaptoethanol) and 0.1g HMW-PEG (Mr: 20 000, Sigma). 
The mixture was then pelleted by centrifugation (10000 x g) for 10 min at 4°C. The 
supernatant was treated with 0.1ml 1M sodium citrate (pH 4.0), 0.2ml 2M NaCl 
and 5ml phenol:chloroform:isoamyl alcohol (PCI) (25:24:1). The mixture was 
then vortexed vigorously and again pelleted by centrifugation (10000 x g) for 10 
min at 4°C. The supernatant was removed and RNA was precipitated by adding 
5ml isopropanol (propan-2-ol). The mixture was thoroughly mixed and incubated 
at -20°C for 60 min and pelleted by centrifugation (10000 x g) for 25 min at 4°C. 
RNA pellets were washed with 5ml ice-cold 75% molecular grade ethanol. RNA 
Pellets were dried at 37°C for 5 min. The pellet was resuspended in 100 μl 
preheated (55°C) RNase-free water and 1μl RNase inhibitor (Fermentas). 
Enrichment of small RNAs was achieved using the mirVanaTM miRNA isolation kit 
(Ambion Inc.), following the manufacturer’s’ protocol.  The mirVana™ miRNA 
Isolation Kit is designed for purification of RNA suitable for studies of both siRNA 
and miRNA in natural populations and yields highly enriched small RNA species 
smaller than about 200 bases. For each cDNA library preparation, approximately 
500 ng sRNA was used as input for the Illumina TruSeq Small RNA library 
preparation kit (Illumina, Inc.) and sequencing libraries were created according 
to the manufacturer’s protocol. The libraries were sequenced on a HiSeq 2000 
(Illumina, Inc.) instrument as per manufacturer’s instructions. Sequencing was 
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performed up to 2 X 101 cycles. Next generating sequencing (NGS) was done using 
the Illumina HiSeq2000 platform at LGC Genomics in Berlin, Germany. 
 
Small RNA sequencing analysis 
Raw reads for the 12 small RNA libraries were cleaned of sequence 
adapters using the fast-toolkit (htt://hannonlab.cshl.edu/fastx_toolkit/), and low 
quality tags and small sequences (<15 nt long) were excluded. Reads for each 
library were filtered for Phred quality scores greater than 20.  To eliminate all 
other small non-coding RNAs, high quality trimmed sequences were mapped onto 
rRNA, tRNA and snoRNAs sequences from Rfam (Version 12.0). The sequences 
that mapped completely and had an E-value <0.06 were removed from the 
libraries and were excluded from further analysis.  The sequenced libraries were 
predicted to have reads within the range ~15-60 nt.  Reads were also normalized 
per million to take into account different NGS reads from each of the 12 libraries, 
and data is presented in Table 1 and Supplementary Table S2. 
 
Analysis of viral-derived vsRNA 
The small RNA analysis tool in the CLC Genomics workbench was used to 
facilitate trimming of sequencing reads, counting and annotating resulting tags. 
The NGS data was imported using the NGS import tool. The minimum length of 
small RNAs was set to 21 and the maximum length was set to 24 nt. All other 
parameters were left as default. The resulting small RNA samples were then used 
to map against the SACMV Genome allowing no mismatches. To check that no host 
miRNAs targeted SACMV, miRNAs from T200 and TME3 were aligned against 
SACMV DNA A and B did not show any matches (data not shown).  The SACMV 
DNA A (AF155806.1) and DNA B (AF155807.2) FASTA sequences were 
downloaded from NCBI (www.ncbi.nlm.nih.gov). The Map Reads to Reference tool 
in the CLC Genomics Workbench was used to map the sRNA samples generated 
for each time point for both mock and SACMV infected in both TME3 and T200. 
MISIS (Seguin et al, 2013) was used to visualise, analyse and compare maps of 
small RNAs (sRNAs).  Extracting the sRNA counts from the Sam files generated 
from the CLC Genomics Workbench Mapping tool generated an Input Table. The 
generated Input Table for each time point was then used by MISIS to draw the 
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histograms corresponding to the selected Input Table. Since a low number of 
vsRNAs were detected in mock, these were subtracted from the total vsRNA 
counts in infected samples. The frequency of viral-derived vsRNA populations 
targeting DNA A or B components and individual ORFs were then calculated as 
either total (redundant) or unique (non-redundant) vsRNA counts or as 
percentages of the total vsRNA reads.  Additionally, the frequencies of vsRNAs 
targeting the ORFs were also calculated per 100 nt length to take into account the 
different lengths of the ORFs. Differences in counts targeting the SACMV genome 
or individual ORFs were considered significant if differences were greater than 
10%. 
 
4.4 Results and Discussion 
Symptom severity correlates with SACMV titres 
Following agro-inoculation of T200 and TME3, plantlets were monitored 
over a 67-day period for symptom development (Fig. 4.1) and SACMV viral titre. 
Based on numerous infectivity assay trials, this time frame covers different phases 
of infection, where 12 days post inoculation (dpi) represents early infection (pre-
symptomatic), 32 dpi represents symptomatic infection and high virus replication 
and 67 dpi represents a later infection stage (persistently symptomatic in T200 
and recovery in TME3). No symptoms were observed in T200 and TME3 plants at 
12 dpi.  When compared to mock-inoculated plants (Fig. 4.1A), symptoms were 
first observed in both T200 and TME3 at approximately 15 dpi.  At 32 dpi all newly 
emerging leaves displayed mosaic for both T200 and TME3 (Fig. 4.1B and C). 
Mock-inoculated plants did not develop any disease symptoms over the course of 
this study. Interestingly, leaf tissue in TME3 displayed the recovery phenotype at 
67 dpi, compared to T200 (typical yellow mosaic on leaves as well as leaf 
distortion and leaf curling), where newly emerged leaves had no or reduced 
symptoms (Fig. 4.1E).  For both susceptible T200 and tolerant TME3, viral load 
was highest at full systemic infection (32 dpi), but the concentration of SACMV 
DNA-A was significantly lower (2.5 x 102 and 2.24 X 104) molecules/ng of leaf 
tissue at 32 and 67 dpi, respectively) in TME3 compared with T200 (1.87 X 103 
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and 3.19 X105) (Fig. 4.1f). The observations in this study were similar to the 
infectivity study reported by Allie et al. (2014).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Symptoms observed in T200 and TME3 landraces of cassava 
infected with South African cassava mosaic virus (SACMV) at 32 and 67 days 
post-infection (dpi), and corresponding virus titres. Mock-inoculated plants 
(A) were symptomless at 32 dpi, while T200 (B) and TME3 (C) displayed typical 
mosaic, leaf curling and distortion. At 67 dpi, all newly emerged leaved in T200 
(D) continued to be severely infected whereas the recovery phenotype was 
observed in TME3 (E) in newer emerging leaves (indicated with yellow arrows) 
compared to older infected leaves (indicated with red arrows). (F) The 
concentrations of SACMV DNA-A were measured in infected and mock-inoculated 
T200 and TME3 plants at 12, 32 and 67 dpi for 6 biological replicates in triplicate. 
Viral titre is represented as the Mean Log concentration of DNA-A molecules/ng 
TNA.  SACMV was not detected in both T200 and TME3 at 12 dpi but while viral 
load increased over time in susceptible T200, it declined significantly in TME3 at 
67 dpi (recovery). 
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Quantitative profiling of endogenous small nuclear RNA in SACMV-
infected T200 and TME3 cassava landraces  
Small RNA biogenesis factors are involved in plant immunity or 
susceptibility, and the production of small nuclear sRNAs and their targets altered 
by pathogen infection can influence the outcome of host-virus interactions.  To 
analyse and compare SACMV interactions with small RNA (sRNA) silencing 
pathways, we deep-sequenced populations from mock-inoculated and SACMV-
infected cassava T200 and TME3 at 12, 32 and 67 dpi.  For each sample, total RNA 
was extracted from the top two apical leaves from six plants in each of three 
biological replicates and pooled, and the 12 enriched DNA libraries were 
sequenced using the Illumina HiSeq Analyzer.  The Ambion method was chosen to 
create libraries of size-selected sRNAs less than ~ 200 nt since sRNAs involved in 
gene silencing are mostly considered to fall between 18- 26 nt size range (Bologna 
and Voinnet, 2014).  All 12 libraries generated had Phred score values of greater 
than 20.  The next generation sequencing (NGS) data is presented in 
Supplementary Table S2 Table and Table 4.1. Raw reads, actual and normalized 
counts for the enriched libraries, in addition to 18-26 nt counts, and counts for 
rRNA, tRNA and snoRNA are presented in Supplementary Table S2.  The enriched 
libraries generated between 2.6 to 24 million high quality adapter-trimmed reads 
per sample (Table 4.1).  In a study in apple, a narrow range library (NRL) was 
created where 97% of all reads were 17-26 nt, and the libraries generated 
between 7 to 14 million high quality reads per sample depending on cultivar and 
Apple stem grooving virus (ASGV) isolate (Visser et al, 2014).   
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Samples 
Phred (Q) 
values 
Adapter trimmed Reads 18-26 nt Reads 
Actual 
Reads 
Size of Data files 
(MB) 
% of Raw 
Reads 
Actual 
Reads 
Size of Data files 
(MB) 
% of Raw 
Reads 
T200 12dpi  
SACMV 
>24 24 139 
388 
685 70.54 377 302 1.10 1.56 
T200 12dpi 
Mock  
>28 5 921 995 166 87.42 1 436 570 21.21 24.26 
T200 32dpi  
SACMV 
>26 22 498 
560 
666 85.39 771 382 2.93 3.43 
T200 32dpi 
Mock  
>36 12 914 563 358 87.93 4 381 089 29.83 33.92 
T200 67dpi  
SACMV 
>28 6 352 055 173 90.89 190 884 2.73 3.01 
T200 67dpi 
Mock 
>24 20 603 045 556 88.95 6 935 189 29.94 33.66 
TME3 12dpi 
SACMV 
>24 21 163 
150 
617 88.86 373 239 1.57 1.76 
TME3 12dpi 
Mock  
>28 2 668 525 75 91.56 634 217 21.76 23.77 
TME3 32dpi 
SACMV 
>24 15 233 
143 
429 88.60 890 603 5.18 5.85 
TME3 32dpi 
Mock  
>20 3 625 654 95 79.00 479 048 10.44 13.21 
TME3 67dpi 
SACMV 
>22 11 167 
902 
306 86.56 507 298 3.93 4.54 
TME3 67dpi 
Mock  
>26 11 414 040 310 89.93 2 435 899* 19.19 21.34 
Table 1: Next generation sequencing reads (< 200 nt) for the enriched cDNA libraries from mock and SACMV-infected cassava T200 and 
TME3. 
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Notably, a consistent pattern in library reads was observed, where the total 
adapter trimmed reads (<200 nt) increased in both mock-inoculated T200 and 
TME3 over time (12 to 67 dpi), but decreased from 12 dpi to 32 and 67 dpi in both 
SACMV-infected T200 and TME3.  In contrast, while the 18- 26 nt sized sRNA reads 
showed the same pattern as adapter-trimmed reads in mock T200 i.e. increased 
over time, in TME3 counts declined at 32 dpi and increased significantly at 67 dpi.  
In SACMV-infected T200 and TME3 samples a different pattern in 18-26 nt reads 
compared with total adapter-trimmed counts was observed, where 18-26 nt 
counts increased at 32 dpi and declined at 67 dpi. When mock is compared to 
infected apical leaf tissue in T200, interestingly, the total 18-26 nt sRNA reads 
were consistently lower in SACMV-infected T200 at all time points, whereas in 
TME3, while there was a significant decrease in infected vs mock samples at 67 
dpi, at 32 dpi 18-26 nt sRNA counts increased.  Different sRNA reads in mock-
inoculated leaves between the two landraces likely represent different genetic 
backgrounds, but the highly significant reduction in percentage of expressed 18-
24 nt sRNA in infected T200 and in TME3 represents the effect of SACMV infection. 
 
Small endogenous RNA reads of each size class were calculated as a 
percentage of total sRNA population counts. These results are discussed in chapter 
3. The 24 nt siRNAs were also represented in SACMV-infected TME3 and T200, 
but fluctuated depending on the age of the host post-inoculation (Fig. 3.1).  
Notably, there was no significant (<10%) change (in terms of the percentage of 
total sRNA reads) in prevalence of the TGS-associated 24 nt sRNAs in mock (Fig. 
3.1C) vs SACMV infected (Fig. 3.1A) TME3 at each time point, but in T200 there 
was a significant increase during the early pre-symptomatic response (12 dpi) to 
SACMV (Fig. 3.1B) compared to mock (Fig. 3.1D). In the Arabidopsis study, leaves 
were harvested 30 days post CaLCuV infection, which represents the stage where 
symptoms are highly visible in the host and replication levels high (Aregger et al, 
2012).  They found a 7% decrease in 24 nt total sRNAs in CaLCuV infected 
compared to mock Arabidopsis, while in our study at 32 dpi, where virus 
replication is high and symptoms severe (Fig. 4.1), there was a 6% increase in 
TME3, and in T200 there was no change.  There was also a 6% and 5% increase in 
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24 nt sRNAs at 32 dpi and recovery (67 dpi), respectively in TME3.  There was no 
significant change (20% and 67% of total reads were represented at both 32 and 
67 dpi, respectively) in total endogenous 24 nt sRNA percentages in susceptible 
T200 from mock-inoculated to SACMV infection.  In conclusion, it is clear that 
SACMV alters levels of endogenous sRNAs.  Notably we demonstrate that these 
changes fluctuate as infection in cassava progresses, but most importantly, we 
show that there are different patterns of sRNA responses to infection between the 
susceptible and tolerant genotypes/phenotypes, T200 and TME3, despite their 
different genetic backgrounds.   In contrast to these cassava landraces, a study by 
Sahu et al. (2014), total snRNAs did not change in expression between mock and 
ToLCNDV inoculated tomato.  More in depth studies on contrasting sRNA 
responses in different virus-host interactions may provide further clues as to their 
roles in susceptibility and tolerance in cassava.  
 
vsRNAs map along the entire viral DNA components but 
accumulate at higher levels in susceptible T200 compared to 
tolerant TME3 
 Sequencing reads from cDNA libraries of 21-24 nt vsRNAs mapping to the 
SACMV DNA A and B genome are depicted in Supplementary Table S3.  Notably 
the highest vsRNA reads targeting (100% match) SACMV DNA A and B 
components (~2800 nt and 2760 nt, respectively) were the highest in infected 
T200 at 32 and 67 dpi.  Normalized redundant (total) counts were highest at 32 
dpi targeting DNA A (20,582) and DNA B (13,196) in T200. In ASGV infected apple, 
the total (redundant) and non-redundant (unique) vsRNAs targeting ASGV 
genomes (~6400 nt) ranged from 1659 to 27069 and 1659 to 5897 counts, 
respectively, and genome coverage was 52-98% (Visser et al, 2014).  In mock 
inoculated leaf tissue low numbers of virus-matched sRNAs were detected, 
suggesting that the cassava landraces harbour endogenous sRNAs that share 
homology to SACMV. Integration of geminivirus sequences have been reported 
(Chu et al, 2014), and a recent study identified Rep-like and capsid protein-like 
sequences in Populus trichocarpa and Nicotiana tabacum, respectively (Liu et al, 
2011).  Host transcripts targeted by vsRNAs were identified in grapevine infected 
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with two viruses (Miozzi et al, 2013), however relatively few vsRNAs were 
involved in RNA silencing of host mRNAs.  Studies propose that these endogenous 
genetic elements may be involved in viral resistance/susceptibility (Bertsch et al, 
2009; Maredza et al, 2015), but the effect, if any of the vsRNA host gene targeting 
is poorly understood.  In virus-infected plants two classes of vsRNAs have been 
identified, namely primary vsRNAs which result from the initial Dicer-mediated 
cleavage of the initial viral trigger RNA and secondary vsRNAs generated by RDR 
(Ding and Voinnet, 2007; Ruiz-Ferrer and Voinnet, 2009). It is likely that the 
SACMV-triggered vsRNAs are primary siRNAs derived from dsRNA generated by 
bidirectional read through transcription of viral DNA by RNA polymerase II.  
Geminiviral mRNAs appear to be poor templates for RDR-dependent production 
of secondary siRNAs (Aregger et al, 2012). 
  
 Several patterns emerged from the vsRNA deep sequence data, and 
differences were considered significant if there was an alteration in normalized 
vsRNAs greater than 10%.   Virus-derived vsRNAs were detected at very low levels 
in either T200 or TME3 at the early pre-symptomatic stage of infection (12 dpi) 
(Fig. 4.2), but there was a increase in counts from 12 to 32 dpi targeting DNA A 
and B in both T200 and TME3 landraces (Fig. 4.2) as the plants responded to 
infection.  However, deep sequencing results showed that total numbers of 
vsRNAs and unique vsRNAs were higher in T200 compared with TME3 at 32 and 
67 dpi, and total vsRNA counts targeting DNA A were higher compared with DNA 
B in both landraces (Fig. 4.2).  In contrast, in a different study with ToLCNDV 
susceptible and tolerant cultivars of tomato no considerable difference was 
observed between the vsRNAs derived from DNA B (Sahu et al, 2014).  Since T200 
is highly susceptible and virus loads are high, we conclude that high accumulation 
of vsRNAs observed in susceptible T200, especially at 32 dpi when symptoms are 
severe, is due to failure to target SACMV-derived mRNA resulting in replication 
and symptom persistence.  Similarly, high levels of 21, 22 and 24 nt vsRNAs were 
reported in Arabidopsis infected with CaLCuV, yet plants remained highly 
susceptible (Aregger et al, 2012).  In contrast, in tolerant TME3, low vsRNA 
numbers correlated positively with virus titres, symptoms and recovery, and may 
represent efficient PTGS of viral mRNA, leading to a depletion/sequestration of 
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vsRNA populations, which in turn reduces the levels of viral proteins, and 
subsequent virus replication.  Thus, in recovered tissues, as the levels of viral 
mRNAs decrease, the corresponding small RNAs are also simultaneously reduced. 
Hagen et al. (2008) also demonstrated that the abundance of CuLCrV-derived 
small RNAs was negatively correlated with recovery in watermelon and 
cantaloupe.  Recovery in pepper from infection with PepGMV (Carrillo-Tripp et al, 
2007) showed similar findings as observed in case of the CuLCrV infection (Hagen 
et al, 2008).  These results differ from earlier studies (Chellappan et al, 2004; Sahu 
et al, 2012; Sahu et al, 2014; Yadav and Chattopadhyay, 2011) where high 
numbers of vsRNAs correlated with reduced virus replication during recovery 
from begomovirus infection.  Notably, in contrast to TME3, the study with ACMV 
in cassava cv. 60444 showed an increase in vsRNAs in tolerance and recovery 
(Chellappan et al, 2004).  Contrasting results suggest that recovery is both host 
specific and geminivirus species dependent. Viral RNA silencing suppressor 
proteins (VSRs) (Lewsey et al, 2009) typically counteract RNA-mediated defence 
by (1) preventing the generation of siRNAs, (2) by inhibiting the incorporation of 
siRNA molecules into effector complexes or (3) by interfering the RISC effector 
complex (Lakatos et al, 2004). Since high numbers of vsRNA accumulate in T200, 
we conclude that SACMV counteracts defence by either or both the latter two 
mechanisms. 
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Figure 4.2 Total and unique number of vsRNAs mapping to SACMV DNA A 
and DNA B in SACMV-infected T200 and TME3 at 12, 32 and 67 dpi. There was 
a very low level of vsRNAs at the early pre-symptomatic 12 dpi stage. Total 
numbers of vsRNAs and unique vsRNAs are significantly higher in T200 compared 
with TME3 at 32 and 67 dpi. vsRNA counts targeting DNA A are higher compared 
with DNA B for both T200 and TME3 at all three time points.  
 
 Both antisense and sense total (redundant) vsRNAs counts were 
represented at 12, 32 and 67 dpi in T200 and TME3, but dropped as infection 
progressed (67 dpi) (Fig. 4.3A), with the exception of the 24 nt vsRNA targeting A 
and B in TME3, demonstrating that both the genomic sense ssDNA and 
complementary templates formed during rolling circle replication are targeted.  
Redundant antisense vsRNA reads expressed as total counts (Fig. 4.3A) or as a 
percentage of total vsRNA at each time point (Fig. 4.3C) were higher than sense in 
T200, suggesting a decline in targeting of the antisense ssDNA strands which form 
the template for the sense genomic strands during replication at this time point, 
which positively correlates with increased virus titres.  Interestingly, while 
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redundant antisense vsRNA reads in T200 are highest targeting DNA A at 32 dpi, 
compared to 12 and 67 dpi and all time points in TME3, a different pattern 
emerges when the percentage of vsRNA is calculated as a percentage of total 
vsRNA reads at each time point. In this case, while numbers of vsRNAs are low, the 
percentage of sense and antisense vsRNA is high at (12 dpi), in particular targeting 
DNA B in T200 (Fig. 4.3C).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 A - D: The number of total (A) and unique (B) sense and antisense 
vsRNA sequences that map to SACMV DNA A and DNA B in TME3 and T200 
cassava landraces at 12, 32 and 67 dpi. Number of total (C) or unique (D) 
vsRNAs expressed as a percentage of total mapped vsRNAs.  Sense and 
antisense vsRNAs are not equally represented at each time point in T200 and 
TME3 and generally total counts decline from 32 to 67 dpi. 
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 The number of unique (non-redundant) sense and antisense vsRNA reads 
were also higher in T200 compared to TME3 (Fig. 4.3B), as expected. However, 
while a bias towards antisense is noted at the respective time points for total 
counts, no bias between sense and antisense polarities could be discerned for 
unique vsRNAs targeting DNA A and B components in T200 and TME3 (Fig. 4.3D).  
Strand biases are usually attributed to preferential processing of highly structured 
single-stranded genomic viral RNAs by DCLs (Ding and Voinnet, 2007) and 
different viruses have been shown to produce, in the same host plant, virus-
derived small RNAs with different ratios of sense to antisense polarity (Pantaleo, 
2011).  
  
 While vsRNA populations remained consistently higher in T200 compared 
with TME3, in T200 there was a significant decrease in total vsRNAs targeting DNA 
A (43%) and B (29%) from the systemic infection stage (32 dpi) to the 67 dpi time 
point.  A similar pattern was noted in TME3 where there was a 30% and 15% 
decrease in vsRNAs targeting DNA A and B, respectively.  Interestingly, while the 
total counts declined at 67 dpi for both T200 and TME3 from 32 to 67 dpi, the 
number of unique (non-redundant) vsRNAs increased for T200 but the pattern 
remained the same (declined at 67 dpi) in TME3.  We conclude from this data that 
the large increase in virus load from 12 dpi to 32 dpi for T200 and TME3 (Fig.4.1) 
implies that siRNAs are not successfully targeting virus-derived mRNA hence 
suppressing virus replication, but a decline in total sense and antisense vsRNA 
counts at 67 dpi is indicative of the host attempting to counterattack SACMV by 
vsRNA-mediated PTGS. Whether plants are tolerant, resistant or susceptible, basal 
innate immunity is always detected, but the outcome is a result of multiple 
complex interacting factors.  Cassava is perennial, and T200 continues to grow 
despite symptom persistence and considerable virus load for extended periods of 
time (we have monitored this over 18 months; data not shown), and we believe 
that there is a persistent but low innate defence response which we have termed 
non-recovery accommodation (Bengyella et al, 2015) where T200 and SACMV 
may co-exist without death of the host, a hallmark perhaps of some other virus-
infected perennial crops.  In contrast, TME3 exhibits recovery and tolerance 
where, contrary to non-recovery accommodation, virus replication is detectable 
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at lower levels compared to T200 and mild to no symptoms are observed.  While 
tolerance and recovery in TME3 was shown from this study to be associated with 
adaptive antiviral mechanisms mediated by PTGS, other molecular mechanisms 
are involved.  A more recent study revealed that structurally specific resistance 
gene analogs (RGAs) participate in tolerance in TME3, and differentially 
accumulate during recovery as a complementary defence mechanism to natural 
occurring RNA silencing to impair viral replication (Louis and Rey, 2015). 
 
Size class abundance of vsRNA populations differ between T200 
and TME3 at different time points post infection and between DNA 
A and B components  
 Virus-infected plants accumulate vsRNAs of three major size-classes, 
namely 21, 22 and 23 nt (Pantaleo, 2011).  Additionally, in geminivirus infections 
TGS-associated 24 nt vsRNAs have also been demonstrated (Aregger et al, 2012).  
All total and unique 21-24 nt vsRNA size classes were found to target DNA A and 
B in T200 and TME3 at 32 and 67 dpi, but the distribution patterns and population 
counts differed between the two landraces (Fig. 4.4).  In Arabidopsis, DCL4 and 
DCL2 act redundantly to produce 21 or 22 nt siRNAs responsible for antiviral 
silencing (Bouche et al, 2006; Deleris et al, 2006) whereas DCL3 gives rise to 24 nt 
siRNAs that are not active in directing RNA cleavage (Deleris et al, 2006; Fusaro et 
al, 2006). Since all size classes were detected in T200 and TME3 we conclude that 
DCL2, 3 and 4 cassava homologues were responsible for generation of vsRNA 
populations.  The presence of 21-23 nt size vsRNA classes is evidence that a PTGS 
response is initiated by both T200 and TME landraces in response to SACMV.  
Notably all redundant size vsRNA classes targeting DNA A and B were more highly 
represented in terms of total counts in T200 at 32 dpi than 67 dpi (Fig. 4.4A) but 
the number of non-redundant (unique) 21-24 nt vsRNA counts increased at 67 dpi 
(Fig. 4.4B). In contrast, in TME3, the non-redundant 21-24 nt vsRNAs declined at 
67 dpi (Fig. 4.4B), with the exception of DNA B-targeting 24 nt vsRNAs.   
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Figure 4.4 Size categories of total (A) and unique (B) vsRNAs counts, and 
total (C) and unique (D) counts expressed as a percentage of total vsRNAs, 
mapping to SACMV DNA A and DNA B in T200 and TME3 at 12, 32 and 67 dpi. 
All categories are less abundant in TME3 compared to T200.  The redundant 24 nt 
category counts targeting DNA A and B are more highly represented in T200 at 32 
and 67 dpi.  In TME3 both the redundant 22 and 24 nt vsRNA counts targeting 
DNA A are the most abundant at 32 dpi compared to the other classes.  Notably 
the percentage (as a percentage of total 21-24 nt vsRNAs) of TME3 redundant and 
non-redundant 24 nt vsRNAs targeting DNA A and B increase significantly at 67 
dpi (recovery). 
 
The 24 nt vsRNAs were predominant in T200 at 32 dpi, with 38% and 32% 
of total 21-24 nt vsRNAs targeting DNA A and B, respectively (Fig. 4.4A), and 31% 
and 33% of total unique vsRNAs counts (Fig. 4.4B) targeting DNA A and B, 
respectively, and were comparatively higher than the 21 and 22 nt size classes, 
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implicating increased activity of cassava homologues of DCL3 (Blevins et al, 2006) 
in response to virus infection.  Interestingly, while actual redundant and non-
redundant 21-24 nt counts were very low early in infection at 12 dpi in T200 and 
TME3 (Fig. 4.4A and B), when expressed as a percentage of total vsRNA classes, in 
T200 the redundant 24 nt vsRNAs targeting DNA A and B represented 45 % and 
55%, respectively (Fig. 4.4C), and the non-redundant 27% and 38% targeting DNA 
A and B, respectively (Fig. 4.4D).   In TME3, while overall redundant and non-
redundant counts were significantly lower compared to T200, at 32 dpi, when 
counts were represented as a percentage of total vsRNAs at each time point a 
different picture emerged.  It was shown that a sizable percentage of total 24 nt 
RNAs was represented in TME3, with 28% and 39% of total 24 nt vsRNAs 
targeting DNA A and B, respectively (Fig. 4.4C), while 27% and 34% of the unique 
24 nt vsRNAs targeted DNA A and B, respectively (Fig. 4.4D). At 67 dpi, 38% and 
43% of total 24 nt vsRNAs targeted DNA A and B in TME3, respectively, 
demonstrating a 11% and 9% increase in 24 nt vsRNAs targeting DNA A and B, 
respectively, from 32 to 67 dpi.  Populations of 24 nt vsRNAs, produced by DCL3, 
have been reported to be the most abundant in DNA virus infected tissues (Blevins 
et al, 2006).  In the dsDNA Cauliflower mosaic virus (CaMV) over-accumulation of 
the 24-nt siRNAs was observed in infected Arabidopsis (Blevins et al, 2006).  
While TME3 showed a late stage (67dpi; recovery) increased response in 24 nt 
vsRNA generation, T200 exhibited an early response at 12 dpi which was 
undetectable at 12 dpi when total or unique counts were scrutinized (Fig. 4.4A 
and B) but were noticeable when figures were calculated as a percentage of total 
vsRNAs at each time point.  The percentage of 24 nt vsRNAs targeting both DNA A 
and B components at 12 dpi was higher in T200 compared to TME3, illustrating 
generation of this class of siRNAs as an early response by this susceptible 
genotype.  What was also interesting was that while total vsRNA counts are more 
highly represented in T200 at 32 dpi, the numbers of unique vsRNAs are higher at 
67 dpi in T200.  We speculate that this may be due to a small degree of secondary 
vsRNA amplification of overlapping RNA fragments by RNA-dependent RNA 
polymerase 6 (Ruiz-Ferrer and Voinnet, 2009).  
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DNA A and B genome methylation does not play a role during 
recovery in TME3 
 From the 24 nt vsRNA results in TME3, it was speculated that the recovery 
phenotype may be the result of TGS of genomic SACMV DNA.  Symptom recovery 
is a phenomenon reported in several plant studies, including ACMV-[CM] and 
SLCMV infected cassava and N. benthamiana, and pepper infected with the 
geminivirus, Pepper golden mosaic virus (PepGMV) (Rodríguez-Negrete et al, 
2009), and has been associated with 21-24 nt siRNAs. Furthermore, cassava 
landrace TME7 when inoculated with EACMV-Ug alone or in combination with 
Cassava brown streak virus (CBSV), developed typical mosaic symptoms on the 
first emerging leaves followed by a recovery phenotype where CMD disease 
symptoms were reduced (Vanderschuren et al, 2012).  Since methylation of 
geminivirus genomes has previously been associated with recovery for 
geminiviruses such as Beet curly top virus (BCTV) (Akbergenov et al, 2006), 
Mungbean yellow mosaic India virus (Yadav and Chattopadhyay, 2011), and ACMV 
in cassava (Akbergenov et al, 2006; Chellappan et al, 2004; Ermak et al, 1993), we 
predicted that methylation may play a role in SACMV-infected tolerant TME3, but 
not susceptible T200.  TGS has two major roles, one   of which involves defending 
the host plant against invasive DNA, such as ssDNA geminiviruses. (reviewed in 
Hohn and Vazquez, 2011; Raja et al, 2010).  To analyse whether SACMV DNA A and 
B were extensively methylated via TGS, we performed bisulfite sequencing on 
viral DNA extracted from infected T200 (susceptible) and TME3 (tolerant) leaf 
tissue at 12, 32 and 67 dpi.  TME3 is a West African landrace that has in earlier 
years been described as resistant to CMD (Akano et al, 2002; Dixon et al, 2001; 
Fregene et al, 2004), but in fact shows a tolerant/recovery phenotype (Allie et al, 
2014).  Bisulfite sequencing (Frommer et al, 1992) did not reveal any specific 
patterns of methylation of any of the ORFs and IR’s on SACMV DNA-A or DNA-B 
that were amplified from T200 and from TME3 leaf tissue.  Sequence analysis 
showed that all cytosine residues in SACMV on either DNA-A or DNA-B were 
successfully converted to thymine, which is an indication that no cytosines were 
modified by host methyltransferases (Supplementary Table S4). This result would 
be expected in T200 as this is highly susceptible to SACMV and shows severe 
persistent symptoms over 67 days, suggesting suppression of host TGS, but in 
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TME3 it was anticipated that genome methylation would have occurred at 67 dpi 
(recovery).  It is possible that the absence of genome methylation detection could 
be attributed to a number of factors. Since methylation is a reversible process, 
SACMV may have been able to reverse or reduce DNA methylation to low-to-
undetectable levels.  Additionally, methylation of geminivirus DNA is 
conformation selective (Paprotka et al, 2010), and this may play a role at different 
stages of infection.  It has also recently been proposed that RNA silencing 
induction is triggered by a threshold of virus accumulation in the leaves (Santovito 
et al, 2014), and low levels of SACMV in TME3 (Fig. 4.1F) may have been below the 
threshold of TGS induction.  Correlation between high numbers of 24 nt siRNAs 
and RNA-directed DNA-methylation associated with recovery from geminiviruses 
has been reported in the literature (Aregger et al, 2012; Bian et al, 2006; Brough 
et al, 1992; Raja et al, 2010; Rodríguez-Negrete et al, 2009). However, while the 
percentage of 24 nt vsRNAs increased from 32 to 67 dpi in TME3, vsRNA counts 
targeting the IR and CR (Fig. 4.5), associated with TGS, were highly under 
represented compared to T200.  It is possible that since there is no evidence for 
genome methylation by sequencing, that methylation of histones associated with 
mini-chromosomes in the nucleus, which has been shown in geminivirus 
infections (Pilartz and Jeske, 1992; Pilartz and Jeske, 2003), may be linked to 
tolerance and recovery in TME3.  A decrease in the expression of some host 
methyltransferase genes in Arabidopsis infected with Tomato yellow leaf curl 
Sardinia virus has been demonstrated (Rodríguez-Negrete et al, 2013).  
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Figure 4.5: The total (redundant) and unique (non-redundant) vsRNAs 
mapping to each ORF of SACMV DNA A and DNA B in T200 and TME3 at 12, 
32 and 67 dpi. (A) Total counts DNA A; (B) Unique counts DNA A; (C) Total counts 
DNA B; (D) Unique counts DNA B.   
 
 However, in a transcriptome profiling study by Allie et al (2014), there was 
no clear evidence for extensive histone methylation reprogramming at 12, 32 dpi 
or 67 dpi, or for significant alterations in any DNA-methylation associated 
enzymes or proteins throughout infection, with the exception in TME3 at 67 dpi 
(recovery), where there was a significant down-regulation (-3.175 log2 fold) of 
histone acetyltransferase of the MYST family 1 (cassava4.1_029570m.g; 
AT5G64610.1) in recovered leaves (Allie et al, 2014) and in susceptible T200 
where a methyltransferase (cassava4.1_022835m.g; AT5G10620.1) was down-
regulated at 32 dpi.  In the absence of any genome or histone methylation 
evidence, the extent of the role of TGS-associated 24 nt RNAs in the outcome of 
disease phenotype in T200 or TME3 remains unclear.   
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DNA viruses encounter both TGS and PTGS, but the disease 
resistance/susceptibility outcome is complex, depending not only on the 
strength of virus suppressors of RNAi, but also on host plant age, lifespan of host 
(annual or perennial), other genetic co-factors and aspects of the agro-
ecosystems. It is interesting to note that DNA virus promoters used to drive 
expression of transgenes can be targeted by repressive methylation, but this may 
depend on the context of the host chromatin.  Since geminivirus proteins, e.g. AC2 
and AC4 actively suppress methylation (Vanitharani et al, 2005), it is possible 
that host genome instability due to transposon activation may be a component 
of cassava mosaic disease pathogenesis. Recently, involvement of transposon-
like elements in CMD modulation in cassava has been demonstrated (Maredza et 
al, 2015). 
 
vsRNA hotspots targeting ORFs differed between susceptible T200 
and tolerant TME3 
The relative abundance of total (Fig. 4.5A and C) and unique (Fig. 4.5B and 
D) vsRNAs varied between the ORFs (hotspots) across DNA A and B of T200 and 
TME3 (Fig. 4.5A - D), but a notable difference was that numbers were significantly 
lower in TME3 compared to the susceptible landrace T200 at 32 and 67 dpi. As 
was the case for total and sense and antisense vsRNA reads, prior to symptom 
appearance, vsRNAs were almost undetectable at 12 dpi.  Total and unique 
vsRNAs targeting the intergenic region (IR)/common region (CR) were low (less 
than 100) for both T200 and TME3 for DNA A (Fig. 6A and B) and DNA B (Fig. 4.5C 
and D), with the notable exception of the IR in DNA B of T200.   As was the pattern 
with sense/antisense and size class counts, the trend was the same where for 
T200 the total counts for all ORFs was highest at 32 dpi for DNA A and B 
components (Fig. 4.5A and C), but the number of unique vsRNAs increased for all 
ORFs as infection progressed (at 67 dpi) (Fig. 4.5B and D). Interestingly the trend 
was opposite for TME3 where numbers declined from 32 to 67 dpi for DNA A and 
DNA B (with the exception of BV1). For both T200 and TME3, vsRNAs were over-
represented in AC1, AV1, BV1 and BC1 regions (Table 4.2), in particular AC1 and 
AV1 in T200 and TME3, respectively at 32 dpi.  One major difference was that in 
TME3, the percentage of unique vsRNAs (based on the total number of vsRNAs; 
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Fig. 4.2) targeting the coat protein (AV1) was the highest (40% and 36% at 32 and 
67 dpi, respectively), while in T200 AC1 (Rep) had the highest vsRNA targets (37% 
and 35% at 32 and 67 dpi, respectively).  For T200 and TME3, the percentage of 
unique vsRNAs targeting BC1 (cell-to-cell movement) was the most prevalent for 
T200 (41% and 40% at 32 and 67 dpi, respectively) and TME3 (48% and 39% at 
32 and 67 dpi, respectively).  
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Table 4.2 Total (redundant) and Unique (non-redundant) reads, and percentages of the total vsRNA reads 21-24 nt vsRNAs 
targeting SACMV AV1, AC1, BV1 and BC1 at 32 and 67 days post infection. 
 
  32 dpi 
Landraces 
AV1 AC1 BV1 BC1 
Total Unique Total Unique Total Unique Total Unique 
Count % Count % Count % Count % Count % Count % Count % Count % 
T200 5464 27 535 30 9279 46 635 37 4744 36 446 35 5759 44 524 41 
TME3 1550 37 320 39 1299 31 227 28 356 27 96 28 673 51 167 48 
  67 dpi 
Landraces  
AV1 AC1 BV1 BC1 
Total Unique Total Unique Total Unique Total Unique 
Count % Count % Count % Count % Count % Count % Count % Count % 
T200 3303 28 697 32 4889 42 762 35 3611 38 614 36 3902 41 683 40 
TME3 736 25 175 35 1495 51 162 33 524 45 102 37 344 30 107 38 
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Interestingly, if the number of vsRNAs were normalised (per 100 nt) to the 
length of the ORFs, AV1 was more highly targeted than AC1 in T200, and the 
prevalence of vsRNAs per 100 nt in the AC2/AC3 overlapping region increased 
significantly (Supplementary Figure S5).  Furthermore, BV1 was more highly 
targeted compared with BC1 in T200.  When comparing the 5’-ter, 3’-ter and 
central domains of the targeted ORFs of SACMV, the general patterns were the 
same in T200 and TME3 (Supplementary Figure S6). Not all ORFs on DNA A and B 
showed the same pattern.  For example, AV2 was targeted more highly at the 3’-
ter compared to the 5’-ter and central region, while in contrast in AC2 both the 5’ 
and 3’ termini were highly targeted, especially at the early stage (12 dpi) of 
infection.  In a study by Patil and Fauquet (Patil and Fauquet, 2015) investigating 
the infection dynamics of several species of cassava mosaic geminiviruses (CMGs) 
and their isolates in Nicotiana benthamiana, it was found that in most CMGs the 
regions corresponding to the 3’-ter of AC1 and BC1 had higher densities of siRNAs 
compared to the other ORFs. Notably, in TME3 AC4-targeting vsRNAs were highly 
represented at 32 dpi prior to recovery (Supplementary Figure S5). AC4 and AC2 
are associated with suppression of host RNA silencing (Gupta et al, 2014; Latham 
et al, 1997; Vanitharani et al, 2004).  For BV1, all regions were highly targeted at 
all time points post infection, while for BC1 there was a spike in numbers at the 
3’-ter at 12 dpi, but in T200 the numbers decreased thereafter but remained high 
in TME3. In cassava infected with ACMV-[CM], a recovery-type virus, the 3’-ter of 
AC1 was the primary target, while the 3’-ter of BC1 was targeted by East African 
cassava mosaic Cameroon virus (EACMCV), a non-recovery type geminivirus 
(Chellappan et al, 2004; Pita et al, 2001).  Interestingly, in this study T200, a non-
recovery host to SACMV, both AC1 and BC1 were highly targeted.  SLCMV, also a 
recovery-type geminivirus, behaved differently in two hosts, cassava and N. 
benthamiana.  In cassava, plants recovered at a later stage of the infection cycle 
with high siRNA accumulation similar to ACMV-[CM], but in N. benthamiana the 
plants were highly susceptible and died at 3 weeks post infection, with low siRNA 
levels detected (Chellappan et al, 2004).  In Arabidopsis susceptible to CaLCuV, the 
highest abundance of reads targeted the AV1 ORF (Aregger et al, 2012). This study, 
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concomitant with previous studies, illustrates differences in vsRNA hot spot 
targets on CMG genomes are host-virus interaction specific. 
 
Comparisons were performed between T200 and TME3 in terms of 24 nt 
unique vsRNA abundance targeting AV1, AC1, BC1, and BV1 (Fig. 4.6).  For all four 
ORFs the 24 nt size class had the highest number of vsRNAs targeting the ORF for 
both T200 and TME3 at 32 and 67 dpi.  If one examines the number of vsRNAs as 
a percentage of the total unique vsRNAs, at 32 and 67 dpi there appeared to be a 
small difference (4% and 8%, respectively) in the percentage of 24 nt vsRNAs 
targeting AV1 between T200 and TME 3, in contrast, T200 and TME3 had 61% and 
29% 24 nt vsRNAs (32% difference) targeting AC1, respectively, at 32 dpi (Fig. 
4.6A). At 67 dpi there was a 12% difference in 24 nt vsRNAs targeting AC1 
between T200 (30%) and TME3 (42%) (Fig. 4.6B).  In both T200 and TME3 DNA 
B BC1 had the highest vsRNA targets, but T200 vsRNA populations were 
significantly more abundant than TME3 (Fig. 4.6C).  A similar pattern was noted 
for BV1 where in T200 vsRNAs were significantly higher compared to TME3 (Fig. 
7d).  As in the case of AV1 and AC1 in T200, the numbers of vsRNAs increased from 
32 to 67 dpi, while in TME they declined (Fig. 4.6C). 
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Figure 4.6 Number of unique vsRNA size categories mapping to SACMV AV1 
(A), AC1 (B), BV1 (C) and BC1 (D) ORFs in T200 and TME3 at 12, 32 and 67 
dpi. For all four ORFs the 24 nt size class had the highest number of vsRNAs 
targeting the ORF for both T200 and TME3 at 32 and 67 dpi. 
 
In summary, our vsRNA results clearly demonstrate differences between 
the susceptible T200 and tolerant TME3 landraces in response to SACMV infection 
with regard to RNA silencing.  Results herein suggest, that while 21-24 nt vsRNAs 
are generated by both susceptible and tolerant cassava landraces, the expected 
vsRNA numbers are contrary to other reported geminivirus studies (Chellappan 
et al, 2004; Rodriguez-Negrete et al, 2009).  TME3 demonstrated a significantly 
lower vsRNA response compared to T200, while symptoms and virus load were 
lower, hallmarks of tolerance.  In contrast, induction of 24 nt vsRNAs have been 
reported from recovered leaves in pepper and cassava (Chellappan et al, 2004; 
Rodriguez-Negrete et al, 2009).  It is not unreasonable to suggest, as mentioned 
earlier, that in fact lower 24 vsRNAs in TME3 are a result of a steady targeting of 
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SACMV mRNA and subsequent depletion, manifested by attenuated symptoms 
and virus load (Fig. 4.1), which are hallmarks of tolerance. Overall, results suggest 
that RNA silencing is not effective in counteracting SACMV in T200 as vsRNAs 
accumulate in abundance.  In TME3, low 21-23 nt vsRNA counts suggest a role for 
PTGS of SACMV DNA A and B resulting in significantly reduced viral loads 
compared with T200, contributing to the tolerance and recovery phenotype.    RNA 
silencing is not the only factor in determining disease outcome in T200 and TME3 
phenotypes, as transcriptome reprogramming was shown to differ between these 
two landraces (Allie et al, 2014).  Different hosts respond variably to different 
geminiviruses since TGS has been shown to be associated with a cassava recovery 
phenotype with ACMV-[CM] (Chellappan et al, 2004), but not in tomato infected 
with Tomato leaf curl New Delhi virus (ToLCNDV).   Both susceptible and tolerant 
tomato cultivars respond to ToLCNDV by producing 21-23 nt Rep targets, but in 
contrast to TME3, the tolerant cultivar H-88-78-1 was reported to produce 90-fold 
higher vsRNAs at 21 dpi compared to 7 dpi (26-fold) (Sahu et al, 2010).  While 
siRNAs increased over the 3-week period in tolerant cultivar H-88-78-1, in 
contrast in TME3, at recovery (67 dpi) siRNA populations declined.  Other intrinsic 
features of the viral genome, and its molecular interaction with host, are likely to 
influence the efficacy of virus-induced PTGS and play a role in natural resistance.  
The molecular mechanisms of tolerance and recovery are not well-studied, and 
further research on more plant-virus interactions is required. 
 
Predictive interaction of vsRNAs with Argonaute complexes 
directed by first 5’ nucleotide  
It has been shown in Arabidopsis, that preferential sorting of small RNAs 
into RNA silencing associated Argonaute (AGO) complexes are directed by the first 
5’ nucleotide (Mi et al, 2008).  Specifically, AGO1 has been shown to have 
preference for U, AGO2 and AGO4 have preference for A or U, while AGO5 prefers 
C at the first 5’-end of the siRNA (Brough et al, 1992; Mlotshwa et al, 2008). 
Similarly, virus-derived small RNAs, dictated by their first 5’-end nucleotides, are 
preferentially sorted and loaded into multiple AGO complexes (Hohn and Vazquez, 
2011).   To predict cassava AGO interactions with SACMV, 5'-end nucleotides of 
vsRNAs targeting DNA A and B in T200 and TME3 at 12, 32 and 67 dpi were 
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investigated.  Our results demonstrated that vsRNAs (as a percentage of total 
vsRNAs) and actual counts (data not shown) with A as the first 5’ nucleotide was 
most prevalent in targeting DNA A and B in both T200 and TME3, and there was a 
peak at 32 dpi (Fig. 4.7) when virus replication is high and symptoms visible.  As 
a percentage of total vsRNA populations with A as the first 5’ nucleotide there was 
no significant difference (greater than 5%) between T200 and TME3, but actual 
counts were higher targeting DNA A in T200 (462, 15,200 and 4690 at 12, 32 and 
67 dpi, respectively) compared to TME3 (212, 4147 and 2012 at 12, 32 and 67 dpi, 
respectively) (data not shown). The only notable difference was a peak (6%) in 5’ 
C nt-vsRNAs at 12 dpi targeting DNA A in TME3 compared to T200 (Fig. 4.7).  A 
similar trend in general was noted with the DNA B component.  In contrast to 
SACMV in cassava, a few cases of preferential use of C as the first 5’-terminal 
nucleotide has been reported, for example in tomato plants infected with the 
geminivirus Tomato yellow leaf curl Sardinia virus (TYLCSV) (Mlotshwa et al, 
2008). While vsRNA-5’A populations were the highest, those with C and U 
nucleotides were also highly abundant in targeting DNA A and B in T00 and TME3 
(Fig. 4.7).  A tendency to avoid vsRNAs with G residues at the first 5’-end has been 
reported (Mi et al, 2008; Molnár et al, 2005), and this was also observed in T200 
and TME3, where vsRNAs with a G as the first 5’-nucleodide were significantly 
under-represented. These results suggest that SACMV vsRNAs preferentially 
interact with AGO2 or AGO4. However, high abundance of U and C implies 
involvement of multiple AGOs in sorting vsRNAs in cassava T200 and TME3. 
Abundance and functionality of virus-derived small RNAs depend on many factors 
including the secondary structure of each gene (Molnár et al 2005). In SACMV 
infected cassava, AC1, AV1 and BC1 were preferentially targeted.  The extensive 
secondary structures in these genomic areas may influence accessibility, affinity, 
or enzymatic activity leading to the biogenesis of small RNA by one or more 
components of the RNAi machinery (Molnár et al, 2005). 
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Figure 4.7: 5'-end nucleotides of SACMV-derived vsRNAs targeting DNA A 
and B in T200 and TME3 at 12, 32 and 67 dpi.  The majority of vsRNAs targeting 
DNA A and DNA B in T200 and TM3 at all three time points start with ‘A’ at the 5’-
end, except at 12 dpi in TME3 where a greater number the vsRNAs start with ‘C’ 
at the 5’-end.   
 
4.5 Conclusions 
Evidence for PTGS in susceptibility and tolerance in T200 and TME3 
phenotypes, respectively, was demonstrated. The patterns of sRNA and vsRNA 
expression differed between the susceptible and tolerant landraces in response to 
SCMV infection, and fluctuated over the period of infection (up to 67 dpi). 
Differences were noted between this study and other CMG-cassava genotype 
interaction studies.  Distribution and frequency of vsRNA has also been shown 
recently to differ in resistant NASE 3 and susceptible genotypes TME 204 and 
60444 infected with ssRNA viruses, Cassava brown streak virus (CBSV) and 
Ugandan cassava brown streak virus (UCBSV) (Ogwok et al, 2016).  
 
We propose that high populations of vsRNAs in T200 represent 
accumulation and failed host defence leading to a susceptible phenotype, and in 
TME3, low populations represent depletion due to efficient viral mRNA targeting, 
leading to a tolerant phenotype. This is contradictory to some other studies where 
they suggest high levels of siRNAs indicate resistance or tolerance/recovery.   
According to a model suggested previously (Havelda et al, 2005; Szittya et al, 
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2002), in TME3 where virus titres are lower compared to T200 and decline further 
in recovered leaves, SACMV VSRs (AC2 or 4) may not bind, and virus-specific 
vsRNAs act as a systemic signal, moving faster than the virus and thereby 
establishing antiviral silencing in cells ahead of the infection front. Thus, the RISCs, 
already activated by vsRNAs, target the entering virus by TGS or PTGS of 
transcribed mRNA, resulting in recovery of the plants.  In contrast, a study by 
Chellappan et al. (2004) suggested that the AC4 component (VSR) of ACMV 
competed against AGO1 to bind with single-stranded RNA and therefore 
suppressed the formation of siRNA-RISC assembly, leading to lower vsRNAs in the 
susceptible cultivar.  In the presence of siRNA-binding/targeting VSRs, plants are 
not able to confine the spread of the viral infection because vsiRNAs are 
sequestered and inactivated before they can be incorporated into the RISC. 
However, in contrast, a high accumulation of vsRNAs in T200 correlates with 
severe symptoms and a high viral load and suggests a different model where 
SACMV AC4 may act later post RISC assembly and may prevent AGO-directed 
vsRNA targeting of mRNA. 
 
Genome methylation was not detected in either SACMV infected T200 or 
TME3 at any time points in contrast to some other geminivirus studies where high 
numbers of 24 nt vsRNAs correlating to geminivirus genome intergenic regions.  
Extremely low numbers of 24 vsRNAs targeting the CR and IR of DNA A and B in 
both T200 and TME3 were observed.  Notwithstanding the possibility that 
methylation levels fluctuate and may be difficult to measure spatially and 
temporally in cassava, a role for genome methylation in disease outcome in 
perennial hosts such as cassava T200 and TME3 landraces remains unclear.  In 
another report, the extent of methylation in geminivirus DNA has been disputed 
(Paprotka et al, 2010), although an increase in DNA methylation of Tomato yellow 
leaf curl Sardinia virus (TYLCSV) and Abutilon mosaic virus geminivirus has been 
shown in recovered leaves of Arabidopsis.  Interestingly, in these recovered leaves, 
sub-populations of highly methylated (associated with histone 3 lysine 9 
dimethylation) and hypomethylated (associated with active acetylated histone 3) 
viral minichromosomes were reported (Raja et al, 2014).  Notably, in susceptible 
T200, significant up-regulation of several histone superfamily transcripts, 
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including histone H4, and H2A-7, 8 and 10, were present throughout the infection 
period (12-67 dpi), and down-regulation (log2 fold -1.84) of a methyltransferase 
(cassava4.1_022835m.g; AT5G10620.1) at 32 dpi correlated with severe systemic 
symptoms, indicative of active replicative minichromosomes (Allie et al, 2014).   
Increased histones, known to be associated with geminivirus replication (Hanley-
Bowdoin et al, 2013), and high levels of 21-24 nt vsRNAs provide strong evidence 
that suppression of host RNA and histone silencing mechanisms by SACMV in 
T200 contributes to susceptibility.    
 
Although recovery has, in most cases documented to date, been associated 
with RNA silencing, demonstration that recovery from a VSR-deficient BCTV was 
not prevented in dcl2 of dcl2 Arabidopsis mutants (Raja et al, 2014) certainly 
suggest other mechanisms besides PTGS that contribute to recovery.  Recent 
studies in cassava have shown a role for transcriptome reprogramming (Allie et 
al, 2014; Bengyella et al, 2015; Louis and Rey, 2015) and R genes in TME3 (Louis 
and Rey, 2015) recovery.  Recovery may be a hallmark of a complex balance 
between virus-host defence and virus anti-defence mechanisms, which leads to 
virus threshold fluctuations during the duration of infection in a plant.  This would 
be more likely in perennial hosts such as cassava.  It is more probable in the case 
of geminivirus infection in cassava that a complex ongoing fluctuating interaction 
of RNA silencing with plant gene expression shapes symptom phenotype during 
the course of infection, and in recovery a delicate equilibrium between plant and 
virus responses may contribute to maintain reduced symptoms and virus titres. 
This work represents a significant step toward understanding the roles of sRNAs 
in the recovery response of cassava. 
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5.1 Overall summary and Discussion 
 
Like all major crops, cassava is vulnerable to pests and diseases that can 
cause heavy yield losses. Cassava mosaic disease (CMD) is the most economically 
important and single greatest constraint to cassava production (Herrera-Campo 
et al, 2011). CMD is triggered by the emergence and spread of 11 species of 
Begomoviruses (Fauquet and Fargette, 1990; Legg and Fauquet, 2004; Patil and 
Fauquet, 2009), one of which is South African cassava mosaic virus (SACMV). This 
virus has been identified in regions of South Africa and some neighbouring 
countries including Zimbabwe, Mozambique and Swaziland. Understanding the 
mechanism underlying CMD could facilitate control strategies to combat this 
virus. The work demonstrated in this thesis therefore presents the analysis of 
microRNA and vsiRNA expression changes associated with SACMV infection in a 
tolerant (TME3) and susceptible (T200) cassava landraces. This work aimed at 
addressing a number of questions with regards to SACMV infection and the plant 
response in this two different cassava landraces. These included: 
 
1. How does SACMV infection affect the small RNA, including miRNAs 
and vsiRNAs, populations in a susceptible cassava landrace (T200) 
compared to a SACMV tolerant landrace (TME3)?  
2. Do any of these small RNA populations play a role in TME3 
recovery or T200 susceptibility to SACMV infection? 
3. Does methylation play a role in TME3 recovery to SACMV 
infection? 
4. Does the plant target any “hotspots” on the SACMV genome with 
virus-derived siRNAs? 
 
Before we could answer the questions about the roles that miRNAs play in 
SACMV infection in a SACMV tolerant (TME3) and susceptible (T200) cassava 
landraces, we needed to first identify and characterise the microRNA population 
in cassava. The main objective of study was to update the available cassava 
micronome. The identification of a more comprehensive set of miRNAs in cassava 
is a critical step to facilitate our understanding of regulatory mechanisms or 
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networks, in particular responses to viral pathogens, of particular interest in our 
laboratory.  
 
Despite the economic importance of cassava and the potential contribution 
of miRNAs to cassava improvement, only 153 putative cassava miRNAs are 
available to date in miRBase (v21). However other well-studied plant species such 
as Arabidopsis thaliana, Glycine max, Populus trichocarpa and Oryza sativa have 
427, 639, 401 and 713 reported miRNAs in miRBase, respectively (Kozomara and 
Griffiths-Jones, 2014). The miRNAs that are available for cassava on miRBase were 
obtained by Patanun et al, (2013) using a computational prediction method by 
using homology search based on miRNA conservation among different plant 
species. In addition, Perez-Quintero et al, (2012) analysed small RNA libraries 
from cassava tissues infected and uninfected with Xanthomonas axonopodis, and 
Zeng et al, (2009) studied conserved miRNAs in the Euphorbiaceae family. More 
recently, Ballen-Taborda et al, (2013) and Xia et al, (2015) both studied cassava 
miRNAs expressed under abiotic stress conditions. The advantage of this study is 
that the miRNA discovery was able to capture information from two landraces, 
that had not been studied previously, and also at three different time points post 
mock-inoculation, representing different physiological conditions in leaf tissue. 
 
In this study, mature sequences of all known plant miRNAs were used as a 
query for homologous searches against the publicly available cassava EST and GSS 
databases (NCBI), and additional identification of novel and conserved miRNAs 
from next generation sequencing (NGS) of two cassava landraces (T200 from 
southern Africa and TME3 from West Africa) at three different stages post explant 
transplantation and acclimatization. miRNAs are classified into families according 
to sequence similarity and members of the same family usually have the same 
targets. In this study, 259 conserved miRNAs belonging to 32 families were 
identified using EST database, 32 conserved miRNAs belonging to 7 families 
identified using GSS database and 289 conserved miRNAs belonging to 30 families 
and 39 novel miRNAs belonging to 29 families were identified in T200 and TME3 
landraces in deep-sequencing data. Also, 200 (77.2%) of the miRNAs in the EST 
library, 22 (68.8%) of the miRNAs identified in GSS, 230 (79.6%) of conserved 
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miRNAs and 38 (98.6%) of the novel miRNAs identified in deep-sequencing data 
have not been previously reported in cassava. The mR2118 family identified in 
study has not been previously reported for cassava in other studies.  However, we 
could not experimentally detect this family using RT-PCR and this could be due to 
low expression levels or specificity of miRNA. We were also able to identify 39 
novel cassava specific miRNAs using the NGS data. In order to understand the 
function of the newly identified conserved and novel miRNAs in cassava, the 
targets of these miRNAs were also identified. Targets for these newly identified 
miRNAs were predicted using the psRNATarget web tool. We were able to predict 
262 targets for 32 of the conserved miRNAs and 37 targets for 17 of the novel 
miRNAs. 
 
We also compared the resulting cassava miRNAs identified in this study to 
the cassava miRNAs that were identified in previous studies, which entailed 
different germplasm or environmental conditions.  This comparison 
demonstrated that the method/criteria used for miRNA identification, 
cultivar/landrace of cassava and environmental conditions can affect the miRNAs 
that are identified and should all be carefully considered when designing a miRNA 
identification study. Interestingly the miRNA populations identified in mock T200 
and TME3 had some differences, which was not unexpected as these have different 
genetic backgrounds. The differences between TME3 and T200 landraces can be 
hypothesised to have arisen from geographical separation and adaptation as T200 
(history not known) is found in drier regions of southern Africa, while TME3 
originates West Africa. Variations could have arisen from hybridizations with local 
wild Manihot species in different locations over the past few hundred years. While 
this research has unveiled some more important features of the cassava 
miRNAome, a large number of germplasm-specific cassava miRNAs of low 
abundance are likely not to have been detected. The knowledge gained from this 
study contributes to the cassava miRNA database and micronome of this 
important crop, and unveils differences between landraces, which will be 
beneficial in the long term in linking gene regulation, gene targets and germplasm 
traits.  
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The knowledge gathered over the past few years corroborate the fact that 
miRNAs exert a broad impact on regulatory mechanisms during plant-microbe 
interactions. Recent bioinformatic studies uncovered large networks of miRNA 
families that show altered expression patterns upon infections by bacteria, 
viruses, fungi and oomycetes (Dunoyer et al, 2006; Fahlgren et al, 2007; He et al, 
2008; Kulcheski et al, 2012; Li et al, 2012; Singh et al, 2012). These studies 
demonstrate that miRNAs are part of regulatory networks orchestrating a multi-
layered plant defence. The vast majority of studies demonstrate a stress-specific 
transcriptional change of miRNA transcriptomes; however, the exact role of given 
miRNAs during defence responses remains highly elusive. Even though miRNAs 
have been proved to be pivotal molecules in plant-pathogen interactions, there 
have been no reports regarding the role of miRNAs in cassava infected by viruses. 
The aim of this part of the study was to identify and analyse the change in 
expression of conserved and novel miRNAs in SACMV-infected landraces 
compared to mock-inoculated controls.  We chose the two landraces T200 and 
TME3, as T200 is a SACMV-susceptible landrace and TME3 is a SACMV-tolerant 
(TME3).  Tolerance describes the extent to which the host is able to withstand 
infection without undue damage (Robinson, 1969). Not only did we want to 
compare the changes in expression of microRNAs in a susceptible and tolerant 
host infected with SACMV, but we also wanted to compare the expression changes 
of the miRNAs at three different time points: 12, 32 and 67-day post infection 
(dpi).  These time points were chosen as they represent the progress of disease 
development, where 12 days post inoculation (dpi) represents early infection 
(pre-symptomatic), and 32 dpi represents symptomatic infection and high virus 
replication. At a later stage of infection, 67 dpi the recovery phenotype is observed 
in TME3 (symptom free newly developing leaves) whereas the susceptible and 
symptomatic phenotype is observed in T200. Symptom remission or “recovery” is 
a phenomenon reported in several plant studies and has been associated with TGS 
and PTGS mechanisms (Rodriquez-Negrete et al, 2009). No symptoms were 
observed in TME3 or T200 plants at 12dpi.  Symptoms were first observed in both 
landraces at approximately 15 dpi. At 32 dpi all newly emerging leaves displayed 
mosaic and leaf curling for both T200 and TME3. The TME3 leaf tissue displayed 
the recovery phenotype at 67dpi compared with T200 (typical yellow mosaic on 
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leaves as well as leaf distortion and leaf curling), where newly emerged leaves 
have no or reduced symptoms. Log2Fold changes were determined for the newly 
identified conserved and novel cassava miRNAs using the equation: Log2 Fold 
Change = Log2 (Normalised count in SACMV library/ Normalised count in the 
mock library).  We considered a miRNA to be upregulated if the Log2Fold change 
was greater than 2 and downregulated if the Log2Fold change was less than -2. 
 
The response of cassava to viral stress is complex and involves many genes 
and molecular mechanisms, operating at both the transcriptional and post-
transcriptional level. It is possible that the changes that miRNAs have important 
roles in regulating functions of such target genes. In order to elucidate further the 
roles these miRNAs are playing in SACMV infection it was necessary to identify 
their targets. Both conserved and novel miRNAs associated gene targets included 
transcription factors, transposable elements and R-genes. Multiple miRNA 
families in T200 and TME3 were found to target transposable elements and this 
will prove interesting in further studies. Transcription factors are proteins 
involved in the process of converting, or transcribing DNA to RNA. Transcriptional 
gene regulation is crucial for host cells to form an efficient defence response. The 
arsenal of defence-related transcriptional regulators consists of DNA-binding 
transcription factors like MYB, NAC and AP2, which have been shown to regulate 
the expression of defence-related genes, and were all identified as targets of the 
miRNAs identified in this study. The adaptive immune system of plants is 
composed of the numerous resistance (R) genes that play a vital role in detecting 
pathogen effectors (avirulence proteins) by recognising effecter-induced 
modifications to other host proteins. It has also been shown that sRNA-mediated 
silencing of R genes regulates host defence against pathogens. A good example of 
this is the miR482 family. miR482 cleaves mRNA of NBS-LRR at its N terminus. 
The targeting is accompanied by mRNA degradation and production of secondary 
siRNAs, which depends on RNA-dependent RNA polymerase 6. These secondary 
siRNAs further silence other defence-related genes, which forms a miR482-
mediated silencing cascade. The miR482 was identified in both T200 and TME3 
and interestingly only in the SACMV libraries, which suggests that the presence of 
SACMV triggers the transcription of the MIR482 gene. We were also able to 
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identify multiple miRNA families in TME3 and T200 that targeted R-genes. The 
molecular mechanisms of tolerance are poorly understood. Notably, while a role 
for R genes has recently been demonstrated at 67 dpi (recovery) (Louis and Rey, 
2015), we show for the first time in this study that an early R gene response in 
TME3 may also play a role in tolerance.   
 
The most interesting and important result from this study was the 
identification of miRNAs that targeted important proteins that are necessary for 
the RNA silencing pathway. The miRNA families miR162, miR168 and miR403 
were found to target DCL1, AGO1 and AGO2 respectively. DCLs process long 
dsRNA into sRNA duplexes and are involved in the processing of the pri-miRNA 
and pre-miRNA during the miRNA biogenesis pathway. AGO1 has many functions 
including miRNA processing, and recruitment of virus-derived sRNA (vsRNA) and 
then degrades the target viral RNA, it is therefore a central node of the RNA 
silencing pathway in host defence against viruses. AGO2 displays both additive 
and overlapping activity with AGO1. The induction of this miRNAs in virus-
infected plants may counter the inhibitory activity of these proteins and the RNA 
silencing pathway. In TME3 the miR162 family was downregulated at 12dpi 
whereas in T200 this family’s expression was altered at 12dpi but significantly 
upregulated at 32dpi. This means that in T200 there will be an accumulation of 
miR162 in T200, which results in the suppression of DCL1 activity, whereas in 
TME3 the early downregulation of the miR162 family will result in an early 
increase in the RNA silencing signal as the DCL1 protein will be expressed. In 
TME3 at 12dpi the miRNA168 family is downregulated. We believe that this early 
decrease in miR168 expression will result in an increase in AGO1 expression that 
should result in an increase in the RNA silencing signal. This could be contributing 
to the susceptible phenotype that is observed in T200 and the tolerant phenotype 
that is observed in TME3. In TME3 the miR403 family is downregulated at 32dpi 
but in T200 this family it upregulated at 32dpi and 67dpi. This will result in a 
suppression of AGO2 in T200 during the full systemic infection stage and the late 
infectivity stage, which will ultimately add the repression of the RNA silencing 
signal in this cassava landrace. However, the SACMV tolerant TME3 cassava 
landrace will have an increase in AGO2 expression as the miR403 family is 
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downregulated. We confirmed these results with stem-loop qRT-PCR using RNA 
samples from both landraces collected at 32dpi. Members of the miR162, miR168 
and miR403 were analysed and were found to be upregulated in T200 
(susceptible) and downregulated in TME3 (Tolerant). We believe the expression 
changes of these miRNAs, along with R genes, could be playing large roles in the 
susceptible and recovery phenotypes we observe in T200 and TME3 respectively.  
 
To counter RNA silencing viruses encode certain proteins that can block 
the RNAi pathway and are referred to as suppressor of gene silencing (VSR). 
Silencing suppressors in other viruses haven shown to alter miR168 in order to 
target AGO1 mRNA. SACMV contains two VSR AC2 and AC4. One or both of these 
suppressors could be interfering with the expression of these miRNA families in 
T200 and inhibiting the RNA silencing pathway resulting in suitability. TME3 may 
have developed a way to inhibit with the SACMV VSRs therefore these miRNA 
families expression is not interrupted and therefore the RNA silencing pathway is 
not interrupted and TME3 is able tolerate SACMV infection. Recently a fifth ORF 
(AC5) has been described in the DNA-A component of many bipartite and 
monopartite begomoviruses. The AC5 ORF is located downstream, of AC3 in the 
complementary strand of DNA-A, and overlaps a portion of the CP ORF. Li et al, 
(2015) demonstrated several important functions of the AC5 protein of Mugbean 
yellow mosaic India virus (MYMIV) for example, AC5 was found to effectively 
suppress PTGC induced single-stranded but not double stranded RNA. Their 
results demonstrated that MYMIV AC5 is a pathogenicity determinant and a 
potent RNA silencing suppressor that employs novel mechanism to supress 
antiviral defences. They also suggested that the AC5 function may be conserved 
among Old World begomoviruses, however, while AC5 has been identified by 
BLAST in SACMV, its putative functions not been studied. Future research should 
focus on whether SACMV contains AC5 and if it plays a role in the expression 
changes of important miRNA families during SACMV infection.  
 
In summary, this part of the study identified a broad range of miRNAs 
(conserved and novel) associated with SACMV infection of T200 and TME3 
cassava landraces at three different stages of viral disease stages. By identifying 
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different miRNAs at different time points, it was hoped that such data would 
increase our understanding of the host-virus interactions with regard to both 
pathogenic mechanism of the virus and the resistance response of the host. This 
discovery and analysis of virus infection-associated miRNA and cassava-specific 
miRNAs brings new perspectives on the understanding of cassava-virus 
interaction at molecular levels. Bioinformatic analysis was used to predict the 
functions of the targets of the identified miRNAs, which indicated that many were 
involved in or mediated the regulation of physiological mechanism in cassava 
including pathogenesis-related genes associated with the symptom and 
characteristic growth and development of cassava infected with SACMV. It is 
hoped that further investigation of the miRNAs and target genes implicated in this 
study could lead to the development of disease-resistant cassava plants. The gene 
targets identified in tolerant TME3 in particular will form the basis for further 
studies into the molecular networks associated with the tolerance phenotype in 
plants, and will provide clues for future strategic plans to manipulate virus 
resistance, not only in cassava but other crops.   
 
The role of siRNA and virus-derived vsRNAs in defence against different 
viruses has been demonstrated in various plants (Chellappan et al., 2004; 
Akbergenov et al., 2006; Sahu et al., 2010; Yadav and Chattopadhyay 2011; Sahu 
et al., 2012b; Sharma et al., 2012). Thus the final aim of this study was to identify 
vsRNAs in the tolerant (TME3) and susceptible (T200) cassava landraces and see 
if they play a role the recovery and susceptible phenotypes were observed in these 
landraces respectively. We also anticipated potential “hotspots” on the SACMV 
genome that were being targeted by vsiRNAs. Hotspots are specific regions of the 
viral genome were various vsRNAs are clustered. The NGS data that was generated 
for the microRNA study previously mentioned was also used to achieve this aim. 
The sRNA sequences generated by NGS that were 21-24 nt in size, did not map to 
any sequences in Rfam, and did not match previously identified miRNAs were 
mapped to SACMV DNA A and DNA B. The mapping generated two very interesting 
results. Firstly, the deep sequencing results showed that total numbers of vsRNAs 
and unique vsRNAs were significantly higher in T200 compared with TME3 and 
total vsRNA counts targeting DNA A were significantly higher compared with DNA 
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B in both landraces. Since T200 is highly susceptible and virus loads were found 
to high, we concluded that high accumulation of vsRNAs observed in susceptible 
T200, especially at 32 dpi when symptoms are severe, is due to failure to target 
SACMV-derived mRNA resulting in replication and symptom persistence. In 
contrast, in tolerant TME3, low vsRNA numbers correlated positively with virus 
titres, symptoms and recovery, and could represent efficient PTGS of viral mRNA, 
leading to a depletion/sequestration of vsRNA populations, which in turn reduces 
the levels of viral proteins, and subsequent virus replication. Therefore, in 
recovered tissues, as the levels of target viral mRNAs decrease, the corresponding 
vsRNAs are also simultaneously reduced. Secondly, the relative abundance of 
vsRNAs mapping varied between the ORFs across DNA A and DNA B for both 
TME3 and T200. When the data was normalised to the raw read count the highest 
amount of vsRNA clustering occurred in the AC1, AV1, BV1 and BC1 for both T200 
and TME3 and were considered hotspots. This result was not surprising at AV1 
and AC1 are the largest ORFs on DNA A. Therefore, we decided to normalise the 
number of vsRNAs to the length of the size of the ORF. The number of vsRNAs 
mapping to the over-lapping regions of the ORFs, especially AC2/AC3, significantly 
increased. The number vsRNAs targeting the intergenic region (IR)/common 
region (CR) were low (less than 100) for both T200 and TME3 for DNA A and DNA 
B. The common region includes a stem-loop structure containing the 
nonanucleotide TAATATTAC and the origin of replication is the last A in the 
nonanucleotide sequence. The identification of these potential “hotspots” is 
important for generating pathogen-derived constructs that are designed for 
genetic engineering experiments aimed at produced a CMD resistant farmer 
preferred cassava cultivar.  
 
The 24 nt size class was identified as the largest class for the vsRNAs 
mapping to SACMV DNA A and DNA B for both T200 and TME3. Also the number 
of vsRNAs that were 24 nt in length increased at 67 dpi (recovery stage) in TME3. 
From the 24 nt vsRNA results in TME3, it was speculated that the recovery 
phenotype that we observed in TME3 may be the result of TGS of genomic SACMV 
DNA. Methylation of virus DNA by plant hosts has already been demonstrated as 
an epigenetic defence against geminivirus (Raja et al, 2008). Raja et al. 
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demonstrated that Arabidopsis mutants defective in a number of genes that are 
key players in the RdDM pathway (e.g. drm1, drm2, kyp2, ago4 and others) results 
in hypersusceptibility to infection with the geminiviruses Cabbage leaf curl virus 
(CaLCuV) and Beef curly top virus (BCTV). Since methylation of geminivirus 
genomes has previously been associated with recovery for geminiviruses such as 
Beet curly top virus (BCTV) (Akbergenov et al, 2006), Mungbean yellow mosaic 
India virus (Yadav and Chattopadhyay, 2011), and ACMV in cassava (Akbergenov 
et al, 2006; Chellappan et al, 2004; Ermak et al, 1993), we predicted that 
methylation may play a role in SACMV-infected tolerant TME3, but not susceptible 
T200. To analyse whether SACMV DNA A and B were extensively methylated via 
TGS, we performed bisulfite sequencing on viral DNA extracted from infected 
T200 (susceptible) and TME3 (tolerant) leaf tissue at 12, 32 and 67 dpi. However, 
Bisulfite sequencing (Frommer et al, 1992) did not reveal any specific patterns of 
methylation of any of the ORFs and IR’s on SACMV DNA-A or DNA-B that were 
amplified from T200 and from TME3 leaf tissue. It is possible that since there is 
no evidence for genome methylation by sequencing, that methylation of histones 
associated with mini-chromosomes in the nucleus, which has been shown in 
geminivirus infections (Pilartz and Jeske, 1992; Pilartz and Jeske, 2003), may be 
linked to tolerance and recovery in TME3. Since methylation of the SACMV 
genome was not detected by bisulfite sequencing, and vsRNA counts targeting the 
IR (where the promoters reside) were very low in both the tolerant or susceptible 
landraces, we conclude that 24 nt vsRNA-mediated RNA directed genome 
methylation does not play a central role in disease phenotype in these landraces, 
notwithstanding recognition for a possible role in histone modification in TME3.   
This work represents an important step toward understanding variable roles of 
vsRNAs in different cassava genotype-geminivirus interactions. 
 
In summary, this study has contributed significantly to our knowledge of 
the mechanisms of tolerance and recovery, which are poorly understood, 
especially in perennial non-model plants. Furthermore, results demonstrate that 
sRNA responses are associated with host tolerance to SACMV infection in the 
tolerant TME3 landrace compared with a CMD-susceptible cassava landrace, 
T200. From this Illumina deep sequencing investigation, there was a clear 
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difference in the pattern and abundance of normalized total sRNA counts and 
virus-targeted vsRNA populations in leaf tissues between T200 and TME3 in 
response to SACMV infection during the time course of infection, and between 
infected and mock inoculated. While gene silencing is involved in antiviral 
defence, this study highlights that RNA silencing is likely to play more complex 
roles with other mechanisms, such as effector and non-effector elicitation of R 
proteins, in both susceptibility and tolerance. A better understanding of the 
recovery phenotype may lead to advances in breeding programmes, where wild 
cassava relatives or currently domesticated varieties phenotypically exhibiting 
the recovery phenotype, may be interbred to create varieties with genotypes 
resistant to CMD. 
 
5.2 Future recommendations 
 
Food security is one of the most important issues challenging the world 
today. Any strategies to solve this problem must include increasing crop yields 
and quality. Increasing food production, especially in developing countries, is 
essential to solve the problem of food security. MicroRNA-based genetic 
modification technology (miRNA-based GM tech) can be one of the most 
promising solutions that contribute to agricultural productivity directly by 
developing superior crop cultivars with enhanced biotic and abiotic stress 
tolerance and increased biomass/yields. Indirectly, the technology may also 
increase the usage of marginal soils and decrease pesticide use, among other 
benefits. MiRNAs and their targets not only provide an invaluable source of novel 
transgenes, but also inspire the development of several new GM strategies, 
allowing advances in breeding novel crop cultivars with agronomically useful 
characteristics. Further advances in small RNA sequencing and their efficient 
control in plant tissues will certainly provide the necessary tools to better 
understand the concrete molecular and chemical role of miRNAs during plant-
microbe interactions, ultimately leading to miRNA-based improvements of biotic 
stress responses in important crops. Also, miRNAs likely provide an additional 
layer of flexibility to cope with diverse biotic stresses. As maintaining a defensive 
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state is accompanied with high physiological costs, this flexibility provides an 
intricate cost minimising system to plants, as proposed for miRNA-regulated NB-
LRR genes (Shivaprasad et al, 2012). In addition, the fact that pathogens employ 
suppressors that counteract miRNA pathways (Navarro et al, 2008) implicates 
promising new ways for pathogens resistance programs in crops 
 
In the near future, exploiting miRNA pathways in regard to pathogen 
resistance might provide a valuable option to control a broad range of pathogens 
and pests. Such an advance has been recently proposed in generating virus 
resistant plants (Qu et al, 2012). It has been demonstrated that expression of 
modified miRNAs triggering the synthesis of artificial miRNAs (amiRNAs) that 
target viral RNA sequences can efficiently induce virus resistance.  AmiRNAs is 
engineered by replacing mature miRNA/miRNA* sequence with the designed 
complementary sequences on host miRNA precursors (Alvarez et al, 2006; 
Schwab et al, 2006). The advantage of this approach is the fact that artificial 
miRNAs can be generated in such a way that they are not targeting plant genes (no 
off target effects) 
 
Based on the precursor backbone of miR171a, amiRNA that targeted 2b 
gene of CMV was introduced to tobacco, and transgenic tobacco plants acquired 
defence against CMV (Qu et al, 2007). Transgenic tomato plants of two amiRNAs 
that targeted VSRs of turnip yellow mosaic virus (TYMV) and turnip mosaic virus 
(TuMV gained 100% resistance against TYMV TuMV (Nu et al, 2006). By using the 
precursor of miR159, two amiRNAs were constructed, one targeted the 
overlapping sequence between CMV 2a and 2b, and the other targeted the 3’ 
untranslated region (UTR). Transgenic tomato plants developed good resistance 
against CMV, TMV and TYLCN (Zhang et al, 2011). In addition, Vu et al (2013) 
constructed two amiRNAs, which targeted the AV1 gene of ToLCNDV and the 
overlapping gene region of AV1 and AV2. Transgenic tomato plants displayed high 
tolerance to ToLCNDV. Recently, amiRNAs were generated targeting conserved 
sequences within the genomes of Cassava brown streak virus (CBSV) and Ugandan 
cassava brown steak virus (UCBSV). Transgenic plants challenged with CBSV and 
UCBSV isolates showed resistance levels that ranged from 20 to 60% against the 
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viruses. These results indicate a potential application of amiRNAs for engineering 
resistance to CBSD-causing viruses in cassava.  AmiRNAs that target virus genes 
can process and function like natural miRNAs in plant cells, enhancing disease 
resistance. All of these findings above provide a new way to plant protection and 
disease control and further investigation is needed to determine if this technology 
could be applied to acquiring a SACMV resistant farmer preferred cassava 
landrace. 
 
Therefore, we were successfully able to address the questions that set out 
the framework of this PhD. This work contributes significantly to the existing 
limited knowledge specifically underlying small RNA, including miRNA and 
vsRNA, expression changes in CMD causing geminiviruses and their host cassava. 
By comparing the differences between a tolerant and susceptible host there is now 
a better understanding of the effect of pathogens on host sRNAome, an area that 
is deserving of more attention in plant systems. The expectation is that these 
findings presented in the PhD will contribute to the long-term goals of devising 
new methods of disease control against SACMV and understanding the complex 
interconnected mechanisms involved in virus-host interactome.  
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